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ABSTRACT 
The direct-acting (N-line) riser tensioning system is a commonly selected option for riser 
tensioning on offshore deepwater drilling vessels. As the system operates in the splash zone, it 
is exposed to a corrosive environment in combination with high wear as well as high static 
and cyclic mechanical loading. The combination of these factors creates a multi-degradation 
system, which drastically decreases the system’s lifetime.  
The purpose of this project is to gather further tribological data for a selected range of 
polymeric sealing materials and hydraulic lubricants used in the N-line riser tensioning 
system. Through tribological friction tests and extensive post surface investigation this thesis 
aims to give National Oilwell Varco (NOV) valuable material data that will help them 
improve the material selection for the N-line riser tensioning system.   
The tested sealants consist of one PTFE polymer named M04 and two UHMWPE polymers 
called Z80 and LubX C. The friction and wear rate of these polymers will be investigated 
using four different water glycol based lubricants, labeled fluid A, fluid C, fluid H and fluid 
X. These lubricants are expected vary in performance, as they rely on different additives to 
help reduce system friction and wear rate.  
During previous friction tests, the lubricants experienced an increase in viscosity. The 
mechanism behind this is not yet fully understood, so post lubricant analysis will be 
conducted in order to find the driving force behind the fluid viscosity change. 
The tribological friction tests carried out in this report will use a pure SDSS material from 
Sandvik materials called SAF2507 as the counter sliding material for the polymers. Solid 
piston rods of this steel have been tested in operation by NOV, and shown to be a promising 
material for commercial use. 
The tests conducted in this report lead to the following conclusions:  
Based on wear rate to both the polymer and steel surface, LubX C is the best performing 
polymer, followed by Z80 at second place. M04 shows a high amount of wear to both the 
polymer pin and the steel surface and is not deemed fit for use in the N-line riser tensioning 
system. 
Fluid H and fluid X have the overall best performance, and since the conducted inspection 
techniques cannot find any difference in performance, they have been found equally good. 
The second best performing lubricant is fluid A, and fluid C is the least effective lubricant 
tested.  
The increased viscosity in all fluids is mainly caused by a drop in water content due to the 
testing temperature of 40 ºC and the low amount of lubricant used during TE88 testing. 
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SAMMENDRAG 
National Oilwell Varcos (NOV) N-line riser tensioning system er et hyppig brukt alternativ 
for å holde stigerør i spenn på dypvanns borefartøyer. Ettersom systemet opererer i 
skvalpesonen er det utsatt for et korrosivt miljø, i kombinasjon med høy slitasje, så vel som 
høy statisk og syklisk mekanisk belastning. Kombinasjonen av disse faktorene gir et multi-
nedbrytningssystem, som fører til lavere levetid enn hva som er forventet. 
Hensikten med dette prosjektet er å samle en rekke tribologiske data for et utvalg 
tetningsmaterialer og hydrauliske smøremidler som er tiltenkt bruk i N-line systemet. Disse 
dataene er ment å hjelpe NOV til å optimalisere materialvalget til stempel, pakninger og 
smøremidler for å forbedre systemets slitasjerate, med hensikt å øke levetiden.     
Polymerpakningene som skal testes er en PTFE polymer kalt M04, samt to UHMWPE 
polymerer med navn Z80 og LubX C. Friksjon og slitasjerate av disse polymerene vil bli 
testet i fire ulike vann-glykolholdige hydrauliske smøremidler med navn fluid A, fluid C, fluid 
H og fluid X. Slitasjeraten forventes å variere i de forskjellige smøremidlene, da disse 
inneholder forskjellige typer slitasjehemmende tilsetningsstoffer. 
Tidligere utførte friksjonstester har vist viskositetsøkning i de forskjellige smøremidlene. 
Mekanismen bak denne viskositetsendringen er ennå ikke fullt ut forstått, så smøremidlene vil 
bli ytterligere analysert i etterkant av friksjonstestingen for å finne årsaken til 
viskositetsendringen smøremidlene utsettes for.  
Polymerpakningene og smøremidlene vil bli testet opp mot et super duplex rustfritt stål levert 
av Sandvik materialer, kalt SAF2507. Stempelstenger av dette stålet er allerede i bruk 
offshore, og har vist lovende resultater med hensyn til økt systemlevetid.  
Forsøkene utført i denne rapporten har ført til følgende konklusjoner:  
LubX C gir den laveste slitasjeraten mellom polymer og stål, etterfulgt av Z80 som også har 
tilfredsstillende lav slitasjerate. Bruk av M04-polymeret fører til høy slitasje på både polymer- 
og stålflate, og er ikke ansett som egnet til bruk offshore. 
Fluid H og fluid X var smøremidlene som førte til lavest systemslitasje. Ut fra testene 
gjennomført i dette prosjektet var det ikke mulig å finne noen forskjell i ytelse på disse, og de 
er da ansett som like gode. Smøremidlet som presterte nest best, er fluid A og tester utført 
med fluid C har vist den største graden av slitasje.  
Viskositetsøkningen som observeres i oljene under friksjonstesting har blitt påvist å være et 
resultat av vannfordampning. Den store effekten på viskositet fra vannfordampning skyldes at 
friksjonstestene kjøres ved 40 ºC i seks timer, samt at prøvekammeret kun inneholder ca. 20 
mL væske ved teststart.  	  
 
 
vi 
TABLE OF CONTENTS 
	  
1.	   Introduction ........................................................................................................................ 1	  
2.	   Theory ................................................................................................................................ 5	  
2.1 Tribology .......................................................................................................................... 6	  
2.2 Wear mechanisms ............................................................................................................. 6	  
2.2.1 Abrasive wear ............................................................................................................ 6	  
2.2.2 Adhesive wear ........................................................................................................... 8	  
2.3 Surface roughness ............................................................................................................. 9	  
2.4 Friction ........................................................................................................................... 10	  
2.5 Friction in lubricated contacts ........................................................................................ 11	  
2.6 Stribeck curve ................................................................................................................. 12	  
2.7 Viscosity ......................................................................................................................... 13	  
2.7.1 Dynamic viscosity ................................................................................................... 14	  
2.7.2 Kinematic viscosity ................................................................................................. 14	  
2.7.3 Viscosity temperature relationship .......................................................................... 15	  
2.8 Water-based lubricants ................................................................................................... 15	  
2.9 Lubricant additives ......................................................................................................... 15	  
2.9.1	   Antioxidants ....................................................................................................... 16	  
2.9.2	   Zinc Dithiophosphates ........................................................................................ 17	  
2.9.3	   Friction modifiers ............................................................................................... 18	  
2.10	   Ultra-high molecular weight polyethylene ............................................................ 20	  
2.11	   Polytetrafluoroethylene .......................................................................................... 21	  
2.12	   Tribology of polymers ........................................................................................... 21	  
2.13	   Inductively coupled plasma mass spectrometry ..................................................... 23	  
2.14	   Karl Fischer titration .............................................................................................. 24	  
2.15	   Infrared spectroscopy ............................................................................................. 25	  
3.	   Materials ........................................................................................................................... 28	  
3.1 Piston rod material .......................................................................................................... 29	  
3.2 Sealing material .............................................................................................................. 29	  
3.3 Lubricants ....................................................................................................................... 30	  
3.3.1 Fluid A ..................................................................................................................... 30	  
3.3.2 Fluid C ..................................................................................................................... 30	  
3.3.3 Fluid H ..................................................................................................................... 31	  
3.3.4 Fluid X ..................................................................................................................... 31	  
 
 
vii 
4.	   Experimental .................................................................................................................... 32	  
4.1 Pre-treatment .................................................................................................................. 33	  
4.1.1 Equipment ............................................................................................................... 33	  
4.1.2 Procedure ................................................................................................................. 33	  
4.2 TE88 multi-station friction and wear machine ............................................................... 35	  
4.2.1 Equipment ............................................................................................................... 35	  
4.2.2 Procedure ................................................................................................................. 35	  
4.3 Thermal exposure of lubricants ...................................................................................... 38	  
4.3.1 Equipment ............................................................................................................... 38	  
4.3.2 Procedure ................................................................................................................. 38	  
4.4 Rheometer testing ........................................................................................................... 38	  
4.4.1 Equipment ............................................................................................................... 38	  
4.4.2 Procedure ................................................................................................................. 39	  
4.5 Surface investigation ...................................................................................................... 39	  
4.5.1 Surface roughness measurement ............................................................................. 40	  
4.5.2 Scanning electron microscope ................................................................................. 40	  
4.5.3 Confocal microscopy ............................................................................................... 41	  
5.	   Results .............................................................................................................................. 42	  
5.1 Coefficient of friction ..................................................................................................... 43	  
5.2 Surface investigation ...................................................................................................... 51	  
5.3 Viscosity analysis and examination of water content .................................................... 62	  
5.3.1 Viscosity analysis .................................................................................................... 62	  
5.3.2 Examination of water content .................................................................................. 65	  
5.4 ICP results ...................................................................................................................... 67	  
6.	   Discussion ........................................................................................................................ 70	  
6.1 Coefficient of friction ..................................................................................................... 71	  
6.2 Surface investigation ...................................................................................................... 72	  
6.3 Viscosity analysis and examination of water content .................................................... 73	  
6.4 ICP results ...................................................................................................................... 74	  
6.5 Nitrogen tests .................................................................................................................. 74	  
7.	   Conclusions ...................................................................................................................... 76	  
8.	   Recommendations for further work ................................................................................. 77	  
9.	   References ........................................................................................................................ 78	  
Appendix A – Additional data from the conducted TE88 tests .................................................. I	  
Appendix B - Coefficient of friction from TE88 tests ............................................................ VII	  
 
 
viii 
Appendix C - Surface investigation images ....................................................................... XVIII	  
Appendix D - Risk assessment ............................................................................................ LXIX	  
 
 
 
 
1 
 
 
 
1.  INTRODUCTION 
 
The purpose of this project is to gather further tribological data for a selected range of 
polymeric sealing materials and hydraulic lubricants used in the N-line riser tensioning 
system. Through tribological friction tests and extensive post surface investigation this 
thesis aims to give National Oilwell Varco (NOV) valuable material data that will help 
them improve the material selection for the N-line riser tensioning system.   
The N-line riser tensioning system is designed for ultra-deepwater offshore drilling, and 
consists of six large hydraulic cylinders that provides tension to the riser as well as 
compensating for the drilling vessels heave movement caused by the waves (von der 
Ohe, 2011). 
In order for the system to generate sufficient heave compensation, the cylinder has to 
operate in a mid-stroke position, and parts of the piston rod are often fully submerged in 
seawater.  The combined degradation effects from this corrosive environment, high 
static and cyclic loads as well as the high risk of 2- and 3-body abrasive wear from mud 
particles can drastically reduce the system's lifetime (von der Ohe, 2011). All these 
factors results in a synergetic effect with a high degree of degradation. It is therefore 
called a multi-degradable system, and a lot of research still remains to fully understand 
what happens when all these degradation factors interacts (von der Ohe, et al., 2010) 
Figure 1.1 shows the main features of the riser tensioning system. There are three 
hydraulic actuators located on each side of the riser, which holds the weight of the 
whole riser pipeline. On ultra-deepwater rigs the seabed can be located at water depths 
down to 3000 meters, so the tensioning requirement can be in excess of 2000 metric 
tonnes (mT). As displayed in image b) the sealing system between the cylinder and the 
piston rod consists of many polymer seals. This packing flange consists of both primary 
and secondary seals, as well as several guide bands to ensure proper piston rod support. 
The hydraulic oil is located on the left side of the sealing elements, while there is 
seawater and an open atmosphere to the right of the wiper (von der Ohe, 2011). 
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Figure 1.1: a) The N-line riser tensioning system. b) simplified piston rod sealing system (von der Ohe, 
2011). 
Several different material selections for the piston rod have been tested in operation. In 
2007 and 2008 a N-line piston rod experience survey was conducted to get a better 
understanding of how the different material selections performs in service (von der Ohe, 
et al., 2009). Popular selections so far have been a carbon steel substrate coated with a 
plasma sprayed ceramic coating or a super-duplex stainless steel (SDSS) rod with a high 
velocity oxy-fuel (HVOF) wear and corrosion resistant metallic coating (von der Ohe, et 
al., 2009). 
Plasma sprayed ceramic coatings should in theory be very resistant to both wear and the 
corrosive environment. The problem is that they usually have porosity in the range of 1-
7% in order to ensure hydraulic fluid retention on the coating surface (von der Ohe, et 
al., 2009). Figure 1.2 shows a cross section of a plasma sprayed yttria-stabilized 
zirconia (YSZ) coating. The black spots are pores, and von der Ohe et al. (2009) 
reported that the pores from the coatings used on piston rods have a tendency to become 
pathways for seawater, which eventually reach the substrate. When the substrate is 
exposed to seawater it starts to corrode, leading to a pile of corrosion products between 
the coating and the substrate. The corrosion products eventually cracks open the brittle 
ceramic coating, which rapidly leads to piston rod failure.  
 
Figure 1.2: Cross section showing a plasma sprayed YSZ coating on top of NiCr (Espallargas, 2012) 
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Piston rods with a base material made from SAF2507 SDSS, a thin nickel based bond 
layer and a HVOF sprayed top layer of NiCr, have also been tested (von der Ohe, et al., 
2009). However, the mentioned survey indicates that these coatings tend to fail due to 
delamination between the substrate and coating. This often happens after two to three 
years of service, and as the coating starts to flake off it creates very sharp edges which 
cuts through the sealant, resulting in a complete system failure of the actuator (von der 
Ohe, et al., 2009). Figure 1.3 shows such a SDSS piston rod HVOF coated with NiCr, 
where the coating has started to flake off.  
When the coating of these cylinders breaks down, it is as mentioned common that the 
sharp edges of the remaining coating cuts through the polymer seals resulting in piston 
failure. Any damaged actuators must therefore be replaced immediately, during which 
production has to be shut down. This is a very costly process since it is estimated that 
rig down time can lead to lost revenues of more than USD 500 000 per day (von der 
Ohe, et al., 2009). These revenues are however negligible compared to the catastrophic 
event of a complete riser tensioning failure during operation. 
 
Figure 1.3: SDSS piston rod HVOF sprayed with NiCr coating that has started to flake off. The sharp 
edges cuts open the polymer sealant, resulting in hydraulic fluid leakage (von der Ohe, 2011). 
NOV are looking at the alternative of using an uncoated SDSS material to prevent the 
problems of coating failure. The tests conducted in this report therefore use a pure 
SDSS material from Sandvik materials called SAF2507. Additional information of this 
material can be found in chapter 3.1 
The pure SDSS piston cannot match the hardness of a NiCr coating, so reducing the 
friction between the piston and the sealing material is an important factor for sufficient 
system life time expectancy. As of now NOV mainly uses an ultra-high molecular 
weight polyethylene (UHMWPE) sealing material named Z80 on their N-line system 
(Hill, 2013). I addition to the Z80 UHMWPE, a sealing material made from 
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polytetrafluoroethylene (PTFE) will be tested. This material was investigated by 
Tyrhaug (2013) and found to have an overall poorer performance than Z80 in tests with 
hydraulic fluid A and fluid C. In this thesis the performance of M04 will still be tested 
against two new fluids called fluid H and fluid X. The third polymer to be investigated 
is a UHMWPE polymer called LubX® C. Several tests were performed with LubX C 
both in fluid A and fluid C as a part of a specialization study prior to this master thesis 
(Skjerstad, 2013). The study showed promising results for the new LubX C polymer, 
but more tests will be conducted in both fluid H and fluid X to confirm this further. 
The last important factor to reduce the amount of system wear is the hydraulic lubricant. 
Tyrhaug (2013) investigated the performance of two different lubricants called fluid A 
and fluid C. His studies shows that fluid C results in more system wear than fluid A, but 
fluid A has a large increase in viscosity during testing. Tyrhaug (2013) suggested that 
there might be a correlation between the increase in viscosity in fluid A, and the amount 
of polymer material loss and metal particles absorbed in the lubricant.  
Additional testing was performed during the specialization study in order to reproduce 
the findings of Tyrhaug (2013). All tests performed resulted in a major increase in 
viscosity for fluid A, regardless of the amount of polymer or metal particles absorbed 
(Skjerstad, 2013). The reason for the increased lubrication viscosity is still unclear, so 
all the fluids from the friction and wear tests in this thesis will have their viscosity 
checked after testing. The report aims to find the reason for the increased viscosity, as it 
is an important factor in controlling the system’s wear rate. 
As mentioned earlier this thesis will introduce two new lubricants called fluid H and 
fluid X. Field experience from use of fluid A in the N-line riser tensioner system shows 
that it has a tendency to generate a black residue that sticks around the polymer seals as 
well as clogging the hydraulic system (Hill, 2013). As a result NOV is forced to replace 
the system’s hydraulic fluid at rather short intervals. The new fluid X is engineered by 
the producer to reduce the amount of accumulated black residue (Hill, 2013). In this 
thesis the lubricating properties of fluid X as well as fluid H will be investigated in 
order to see how they affect the overall wear rate of the system. These results will be 
compared to those performed with fluid A and fluid C by Tyrhaug (2013) and in the 
specialization study (Skjerstad, 2013). 
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2.  THEORY 
 
A considerable amount of literature exists on the subject of tribology, and tribology in a 
traditional form has been in existence since the beginning of recorded history. Recent 
studies of ancient Egyptian wall paintings revealed that the Egyptians wetted the sand in 
front of the sleds when moving heavy objects through the desert. Modern day 
experiments shows that adding the correct amount of water to dry sand can potentially 
reduce the force needed to move any sliding object over it by half. This tribological 
knowledge made it possible for the Egyptians to move heavy objects through the desert 
using half the labour. 
Even though the basics of tribology has been known to man for centuries, the complex  
problems that occurs between sliding surfaces can only be fully understood by using 
advanced instrumentation such as scanning electron microscopy. The microscopic scale 
needed to study the nature of tribology have only been around for a limited amount of 
time. In fact, most of the knowledge obtained in the field of tribology was gained after 
the Second World War, and tribology is therefore considered a very new field of science 
(Stachowiak & Batchelor, 2000). 
In the following chapter, the theories of the events that occur between sliding surfaces 
will be explained. These mechanisms will further help explain what causes the wear 
behaviour observed from the conducted tests.  
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2.1 Tribology 
Tribology is a field of study concerned with friction, lubrication and wear of interacting 
surfaces that are in relative motion (Landolt, 2007). Analysis of machine breakdowns 
shows that the majority of failures in systems such as gears, bearings, couplings and 
sealings are tribology related (Stachowiak & Batchelor, 2000).  
In order to control the tribology related breakdowns one must control the wear and 
friction mechanics of the system. Wear is the major cause of material wastage and loss 
of mechanical performance. Friction is a principal cause of wear and if these factors are 
reduced, the system's lifetime will improve drastically (Stachowiak & Batchelor, 2000). 
Lubrication is an effective way of controlling these factors, but optimizing the material 
selection and the surface topography of the materials in sliding contact are also vital. 
2.2 Wear mechanisms 
Two main types of wear mechanisms occur during tribological sliding: abrasive wear 
and adhesive wear. 
2.2.1 Abrasive wear 
Abrasive wear is a form of wear caused by contact between particles and solid material. 
The particle needs to have about the same, or a higher hardness compared to the solid 
material in order for abrasive wear to occur. The term "abrasive wear" is not a precise 
description of the mechanisms involved during this type of degradation. There are often 
several different wear mechanisms happening at the same time that forms the 
degradation known as abrasive wear, and these can be divided in to four main categories 
(Stachowiak & Batchelor, 2000).  
The four main categories separate how the particles remove material from the surface. 
As illustrated in figure 2.1 these are microcutting, microfracture, accelerated fatigue by 
repeated deformation, and grain pullout. The categories of fracture and grain pull-out 
are mainly problems related to ceramic surfaces, while cutting and repeated deformation 
are issues that often occurs on softer surfaces such as a metal (Stachowiak & Batchelor, 
2000). 
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Figure 2.1: Mechanisms of abrasive wear (Stachowiak & Batchelor, 2000). 
 
Another important factor of abrasive wear is the two-body and three-body abrasive wear 
modes. The fact that if the particle is attached to one of the sliding surfaces (two-body) 
or if it is rolling freely between two surfaces in relative motion (three-body), greatly 
affects the amount of wear to the softest surface (Stachowiak & Batchelor, 2000). This 
is illustrated in figure 2.2. When particles are attached to one of the surfaces as they are 
in two-body wear, the surface can wear down up to ten times faster than if we have 
three-body wear between the sliding surfaces. This is because three-body wear has to 
compete with other wear mechanisms such as adhesive wear, and this slows down the 
process (Stachowiak & Batchelor, 2000). 
 
Figure 2.2: The difference of two-body and three-body abrasive wear (Stachowiak & Batchelor, 2000). 
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The easiest way of reducing abrasive wear damage to sliding surfaces is to increase the 
hardness of the sliding surfaces. If they have a hardness of at least 0,8 of the particle 
hardness, the amount of abrasive wear will be greatly reduced (Stachowiak & Batchelor, 
2000). If the surface hardness > 1 of particle hardness we have negligible wear, and so 
at this point one must consider that increased hardness will increase the brittleness of 
the material (Espallargas, 2013). The material hardness cannot come from cold work 
hardening as is has no effect on abrasion resistance. This is because cold work hardened 
surfaces will be locally heavily deformed with plastic yielding (Espallargas, 2013) 
2.2.2 Adhesive wear 
Adhesive wear causes very high wear rates, and it can be characterized by a large 
unstable coefficient of friction. Most solids will adhere on contact with another solid to 
some extent, as long as certain conditions are fulfilled. Metals are especially susceptible 
to this type of wear, since they tend to have numerous free electrons in the material. The 
electrons may be exchanged between the two solids and establish bonding. When 
relative surface motion occurs after such bonding, parts of the softer material will be 
ripped out, and stick to the harder surface as illustrated in figure 2.3 (Stachowiak & 
Batchelor, 2000). 
 
Figure 2.3: Adhesive wear will lead to metal transfer between surfaces (Stachowiak & Batchelor, 2000). 
Apart from noble metals, all metals will form an oxide layer on their surface if they are 
exposed to oxygen. These oxide layers will also help reduce adhesive wear. When the 
surfaces are in relative motion, the oxide layer tends to wear off, increasing the risk of 
adhesion between the surfaces (Stachowiak & Batchelor, 2000). 
Adhesive wear between metal surfaces are the most common, and the most studied case. 
However, experience shows that adhesion between polymer and metal often occurs. In 
this case, the strength of adhesion is related to the presence of reactive non-metals, such 
as fluorine. Polymers also adhere to other surfaces due to van der Waals forces, and 
these forces are a relative strong source of friction between metal and polymer surfaces 
(Stachowiak & Batchelor, 2000). 
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2.3 Surface roughness 
Surface roughness is another important factor between sliding surfaces. Roughness 
means that most parts of the surface is not flat, but rather formed with peaks and valleys 
in a random order (Stachowiak & Batchelor, 2000). As explained by equation 2.1,  the 
degree of surface roughness can be measured by plotting a zero line on a surface, and 
then measure the areas of the peaks and valleys, add them together and divide by the 
numbers of them. Figure 2.4 shows an informative illustration of how this is done. The 
measured value is called the Ra value. 
 
                                                  𝑅! = !(!)!                    (2.1) 
 
 
Figure 2.4: Cross section of surface topography.  The areas of Z1, Z2 ... Zn show the size of each peak and 
valley (Espallargas, 2013). 
Ra is the most used value to measure surface roughness in the industry, but it has some 
flaws. The Ra value gives very limited information of surface topography, and very 
different types of surface topography can be measured to have the same Ra value as 
shown in figure 2.5 (Espallargas, 2013). 
 
Figure 2.5: Several different surface topographies with the same Ra value (Espallargas, 2013). 
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2.4 Friction 
To keep an object sliding at a constant speed on a surface, one needs to apply a force 
equal to the friction force F. Friction acts parallel to the surface, at the opposite of the 
sliding direction as displayed in figure 2.6 (Landolt, 2007). 
 
Figure 2.6: Sliding of a solid object on a plane surface (Landolt, 2007). 
The friction force F has a magnitude proportional to the normal force FN which acts 
perpendicular to the sliding surface. The proportionally factor f, is known as the 
coefficient of friction and equation 2.2 shows the correlation of these factors (Landolt, 
2007). 
                                
                                      𝐹 = 𝑓   ∙ 𝐹!                                    (2.2) 
The coefficient of friction f depends on factors such as mechanical parameters, presence 
of a lubricant, chemical parameters such as humidity, oxide films and chemical 
additives, and materials parameters such as hardness, ductility and microstructure 
(Landolt, 2007). 
Friction transforms mechanical energy into heat by different mechanisms. These 
mechanisms appears since the surface topography is not flat, and when two rough 
surfaces rub against each other, the friction mechanisms displayed in figure 2.7 occurs 
(Landolt, 2007). 
 
Figure 2.7: Different friction mechanisms (Landolt, 2007). 
Adhesion is a mechanism that willingly occurs between metal surfaces in relative 
motion, as explained in chapter 2.2.2. Elasto-plastic deformation is a mechanism that 
greatly influences the coefficient of friction in the run-in period. In a system’s run in 
period the elasto-plastic deformation reduces the surface roughness of the sliding 
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materials, leading to a lower coefficient of friction (Landolt, 2007). Plowing is a form of 
abrasive wear explained in chapter 2.2.1. The total coefficient of friction f can be 
interpreted as the sum of the friction forces from each of the friction mechanisms as 
displayed in equation 2.3. fad is friction from adhesion, fdef is friction from elasto-plastic 
deformation and fpl is friction from plowing. The contribution from each mechanism 
depends on the material properties etc., and the isolated effect from each factor cannot 
be predicted easily (Landolt, 2007). 
 
    𝑓 =   𝑓!" + 𝑓!"# + 𝑓!"    (2.3) 
 
When talking about the coefficient of friction we also have to separate between static 
and dynamic coefficient of friction. It requires a bigger force to initiate relative motion, 
and this is linked to the static coefficient of friction. The force required to keep a surface 
in motion at a constant speed requires less force, and dynamic coefficient of friction 
refers to the tangential force required to maintain sliding at constant speed (Landolt, 
2007). 
As stated earlier, friction generates heat. The surface temperature from friction is 
proportional to the coefficient of friction f, the normal force FN and the sliding velocity 
ν. In extreme cases the temperature becomes very high, and can result in phase 
transitions of the metals in motion, local boiling of the lubricant with unwanted 
oxidation processes, or even melting of the surfaces, especially in low-melting metals 
such as lead and tin (Landolt, 2007). 
2.5 Friction in lubricated contacts 
Presence of solid or liquid lubrication greatly reduces the coefficient of friction. When 
liquid lubrication is present, we separate between three different regimes known as 
boundary lubrication, mixed lubrication and hydrodynamic lubrication. The difference 
can be seen in figure 2.8 (Landolt, 2007). 
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Figure 2.8: Lubrication regimes: a) hydrodynamic lubrication, b) mixed lubrication, c) boundary 
lubrication (Landolt, 2007). 
In the hydrodynamic lubrication regime, a continuous film fully separates the two 
surfaces. This means that the film thickness h must be much larger than the Ra value of 
the material as displayed in equation 2.4. Properties of the continuous lubrication film 
determine the coefficient of friction. Hydrodynamic lubrication is achieved by high 
sliding velocity, weak normal force and a high viscosity in the lubricant (Landolt, 
2007). 
     !!! ≫ 1     (2.4) 
If the normal load is too high, or velocity and lubricant viscosity becomes too low we 
reach the mixed lubrication regime. The film thickness h is about the same as the Ra 
value of the gliding surfaces as displayed in equation 2.5. Some of the asperities will 
come in contact with each other, and will cause some wear (Landolt, 2007). 
      !!! ≈ 1     (2.5) 
If the film thickness is lower than the average surface roughness, as in equation 2.6, we 
get boundary lubrication. The high surface area contact creates high friction, and wear 
damage is expected (Landolt, 2007). 
     !!! ≪ 1     (2.6) 
2.6 Stribeck curve 
The friction created from the boundary regimes can best be explained by the Stribeck 
curve. A Stribeck curve is a plot with the Stribeck number (equation 2.7) on the x-axis 
and the coefficient of friction on the y-axis. The plot should be similar to what we have 
in figure 2.9 and as the graph illustrates, it is possible to explain the curve by separating 
it in to the different regime areas described in chapter 2.5 (Landolt, 2007).	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      𝑆 = !!!"!!      (2.7) 
S is the Stribeck number, η is the dynamic viscosity of the lubricant [Pas], νsl is the 
sliding velocity [m/s] and FN is the normal force [N]. A higher dynamic viscosity, 
higher sliding velocity and a lower normal force will help the system to reach 
hydrodynamic lubrication.  
 
Figure 2.9: Stribeck curve (Landolt, 2007). 
  
The increase in friction in the hydrodynamic regime is mainly because of an increasing 
viscosity in the lubricant. This viscosity increase helps separate the surfaces, but more 
energy has to be provided to keep the sliding velocity constant (Landolt, 2007). 
2.7 Viscosity 
Viscosity plays a fundamental role in lubrication. Different oils exhibit different 
viscosities, and the oil viscosity further changes when parameters such as temperature, 
shear rate and pressure changes. A change in oil viscosity has great impact on the oil 
film thickness, which again is linked to the lubrication regimes discussed in chapter 2.5 
(Stachowiak & Batchelor, 2000). 
Even though a high viscosity makes surface separation easier, it is only optimal to 
increase the oil's viscosity up to a certain point. Oils that are more viscous require more 
power to be shared, and increased power comes with increased power losses, which 
generates heat. The substantial increase in power therefore generates a higher 
temperature at the sliding surfaces and this can lead to component failure (Stachowiak 
& Batchelor, 2000). 
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2.7.1 Dynamic viscosity 
Dynamic viscosity η can be explained by looking at two flat surfaces separated by a 
fluid film with thickness h, as shown in figure 2.10. The force required to move the 
upper surface is proportional to surface area A and the velocity gradient u/h. This means 
that the force, F, will have to increase if the surface area increases or if the velocity 
gradient u/h increases as seen in equation 2.8 (Stachowiak & Batchelor, 2000). 
 
     𝐹  𝛼  𝐴 ∙   !!     (2.8) 
 
Figure 2.10: Dynamic viscosity (Stachowiak & Batchelor, 2000). 
The proportional constant for equation 2.8 is known as dynamic viscosity η, and by 
adding the proportional factor to equation 2.8, resulting in equation 2.9. 
     𝐹 = η   ∙ 𝐴   ∙   !!	  	  	     (2.9) 
Since F/A = τ, equation 2.9 can be rearranged to equation 2.10. η is the dynamic 
viscosity [Pas], τ is the shear stress acting on the fluid [Pa] and u/h is the shear rate or 
the velocity gradient normal to shear stress [s-1] (Stachowiak & Batchelor, 2000). 
     η   =    !!!      (2.10) 
2.7.2 Kinematic viscosity 
Kinematic viscosity ν is the ratio of a lubricant's dynamic viscosity and density as 
shown in equation 2.11. 
     ν   =    !!     (2.11) 
From equation 2.11, kinematic viscosity ν, is measured in [m2/s], the dynamic viscosity 
η is still [Pas] and the density is measured in [kg/m3]. This gives a very small value, and 
it is much more common to calculate kinematic viscosity ν, in centistokes [cSt]. The 
relationship between cSt and m2/s is: 1 cSt = 10-6 m2/s (Stachowiak & Batchelor, 2000). 
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2.7.3 Viscosity temperature relationship 
The viscosity of a lubricant is extremely sensitive to operating temperature. With 
increasing temperature, the viscosity will decrease rapidly, sometimes as much as 80% 
with a 25 ˚C increase in temperature (Stachowiak & Batchelor, 2000). 
2.8 Water-based lubricants 
Water is a low cost lubricant with high cooling capacity, but this is at the expense of 
low viscosity and corrosion properties. In order to improve the performance of water-
based lubricants a series of additives are used (Tomala, et al., 2010). 
Sulfur, phosphorous and nitrogen are often added to reduce friction, wear and corrosion 
in water-lubricated systems (Tomala, et al., 2010). Glycols are most commonly used in 
hydraulic applications to modify the friction and prevent separation of additives. They 
are compounds with OH groups on both ends of the molecule and are soluble in water, 
which makes them suitable for water-lubricant systems. They tend to reduce corrosion 
in the system either by forming a protective coating on metal surfaces, or by 
maintaining the pH in a suitable range (Tomala, et al., 2010). 
In order to achieve a good water-based lubricant, a series of additives has to be used. 
Additives in a mixture can enhance one property while adversely affecting others, so it 
is a quite complicated matter. The lubrication companies are very secretive about the 
additives they use, so the consumers seldom know the lubricant's composition (Tomala, 
et al., 2010). The different types of additives are discussed further in chapter 2.9. 
2.9 Lubricant additives 
As mentioned in chapter 2.8 water-based lubricants are dependent on a series of 
additives in order to obtain proper lubrication between sliding surfaces. Modern 
lubricants have become more and more sophisticated over the last decades, and this is 
mainly due to the improved additive technologies (Howard, 2014). The main categories 
of lubricant additives are: 
Viscosity modifiers: these are meant to improve the viscosity over a wider temperature 
range. New viscosity modifiers should also have improved deposit-forming properties 
when compared to older types, and it is also common for new types of viscosity 
modifiers to have dispersant properties as well (Howard, 2014). 
Thickeners: as the name applies, thickeners are added to increase the viscosity of the 
lubricant (Fink, 2011). 
Dispersants: the main task of dispersants are to keep any solid contaminants in 
suspension and prevent them from making any form of sludge or other deposits 
(Howard, 2014). 
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Detergents: helps keep the counter surfaces clean, and can have properties like 
neutralizing any harmful acids that might occur (Howard, 2014). 
Antioxidants: are applied to increase the oxidation resistance of the lubricant. This helps 
to reduce oxidative thickening of the lubricant as well as deposit formation (Howard, 
2014). 
Anti-wear agents: can consist of a range of surface active chemicals. These chemicals 
have a high affinity to for instance metal surfaces and therefore react with the metal to 
form a boundary film that prevents further metal to metal contact (Agarwal, et al., 
2013).    
Extreme pressure agents: are very similar to anti-wear agents, but require high pressure 
conditions in order to chemically modify the surface (Fink, 2011). 
Friction modifiers: are also surface-active additives, but instead of reacting with the 
metal to form a sturdy film they rely on van der Waal forces to attach to the materials 
and help separate the counter sliding surfaces (Tang & Li, 2014).  
Pour point depressants: The pour point of a liquid is the temperature at which it 
becomes semi solid and loses its flow characteristics. Pour point depressants are added 
to enable the lubricant to flow at lower temperatures (Howard, 2014).  
Corrosion inhibitors: helps neutralize corrosive agents like oxygen, hydrogen sulfide 
and carbon dioxide (Howard, 2014). 
As the different additives can react with each other in both positive and negative ways it 
is often a costly and time consuming process to create an effective additive package 
(Howard, 2014). The different fluids tested in this thesis utilize various additives to 
achieve the desired properties. Additives that pose the greatest differences between the 
tested fluids will be elaborated further.  
2.9.1 Antioxidants 
Any lubricating oil exposed to air and heat will eventually oxidize (Migdal, 2003). In 
order to minimize degradation effects due to oxidation, a series of antioxidants are 
added to the lubricant. Over the years several effective antioxidant classes have been 
developed and used in everything from engine oils, gear oils, greases, hydraulic fluids, 
metal-working fluids etc. (Migdal, 2003) 
One of the earliest antioxidants used in mineral oil was sulfur. Literature dating back to 
the 1800s showed that heating a mineral oil with elemental sulfur produced a non-
oxidizing oil (Migdal, 2003). The sulfur compounds used in lubricants have been 
greatly improved over the years, and today these often consist of complex chemical 
mixtures (Migdal, 2003). 
Among these are aromatic and aliphatic sulfides which are used both for oxidation and 
corrosion inhibition.  As shown in figure 2.11 aromatic sulfides such as benzyl sulfide 
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have the sulfur attached to carbon atoms in the alkyl side groups, unlike alkyl phenol 
sulfide-type structures where the sulfur is attached to carbon atoms in the aromatic 
rings. In general the alkyl phenol sulfide-type structures have superior antioxidant 
properties of the two (Migdal, 2003). The hydroxide groups in the alkyl phenol sulfides 
may also be treated with metals to form metal phenates, resulting in an additive working 
as both a detergent and an antioxidant (Migdal, 2003). 
 
 
Figure 2.11: Sulfur-bearing antioxidants (Migdal, 2003). 
 
The oxidation inhibiting effects from phosphorous compounds have like sulfur 
compounds been known for a long time (Migdal, 2003). Adding elemental phosphorous 
may contribute to increased corrosion, so it is more common to add oil-soluble organic 
compounds of phosphor (Migdal, 2003). Alkyl and aryl phosphates like tributyl- and 
triphenyl phosphates as well as naturally occurring phosphorus compounds such as 
lecithin are often utilized as antioxidants (Migdal, 2003). 
2.9.2 Zinc Dithiophosphates 
Zinc dialkyldithiophosphates (ZDDP) are widely used in the lubrication industry. It is 
known as a low-cost, multifunctional additive and used in a wide range of lubrication 
systems such as engine oils, hydraulic fluids, gear oils as well as greases. The 
multifunctional properties of this additive spans from functioning as an excellent anti-
wear agent, a mild extreme pressure additive as well as an effective oxidation and 
corrosion inhibitor (McDonald, 2003). 
ZDDP is an organometallic compound with four sulfur atoms coordinated to one zinc 
atom as shown in figure 2.12 (McDonald, 2003).  
 
 
Figure 2.12: Chemical structure of the ZDDP additive (McDonald, 2003). 
The anti-wear properties of ZDDP functions best when mixed lubrication conditions are 
present. As the fluid film fails to separate the surface asperities, the sulfur compound in 
the ZDDP will react with these in order to reduce the contact between the sliding 
surfaces (McDonald, 2003). This protective film reacts best with metal surfaces, and is 
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directly related to the surface temperature and the amount of surface rubbing 
(McDonald, 2003). 
If the sliding surfaces are exposed to extreme pressure, the fluid film will collapse and 
ZDDP will react with the entire metal surface to help prevent adhesion and reduce the 
wear (McDonald, 2003). 
2.9.3 Friction modifiers 
Friction modifying additives are essential to help prevent high friction and wear, 
especially during boundary and mixed lubrication. There are three main types of friction 
modifiers for liquid lubricants: organomolybdenum compounds, organic friction 
modifiers and nanoparticles (Tang & Li, 2014). 
Organomolybdenum compounds acts by forming tiny platelets of molybdenum disulfide 
(MoS2) on the surface asperities, resulting in reduced friction.  MoS2 has been proven to 
have high efficiency during high-pressure contact, but the effect is decreased with lower 
pressure contact and high temperatures (Tang & Li, 2014).  
The MoS2 molecules are often formed in the lubricant through a tribochemical reaction 
where molybdenum dialkyldithiocarbamates (MoDTC) degrades into MoS2 and 
molybdenum oxide (MoO3) as shown in figure 2.13 (Tang & Li, 2014). The formation 
of MoS2 from MoDTC is promoted by the presence of ZDDP, which provides extra 
sulfur atoms to complete the sulfuration of oxysulfide (MoS2-xOx) into MoS2 (Tang & 
Li, 2014). If the concentration of ZDDP is too low, the reaction will be dominated by 
formation of  MoO3. This will have a  negative effect on both the anti-wear and friction 
reduction properties of the lubricant (Tang & Li, 2014).  
 
Figure 2.13: Chemical process for the formation of MoS2 from MoDTC (Tang & Li, 2014). 
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Using organic friction modifiers are another effective way to help separate sliding 
surfaces. It differs from the organomolybdenum compounds by forming monolayers 
with their shear strength deriving primarily from the weak van der Waal interactions 
between opposing hydrocarbon chains at the contact area. These monolayers are 
sufficiently strong to separate the sliding surfaces, and thereby reducing friction (Tang 
& Li, 2014). 
The amount of friction reduction is greatly dependent on the molecules chain length as 
well as the functional group at the terminal. If the molecules are able to construct 
monolayers on both sliding surfaces, the achieved friction reduction is greatly improved 
(Tang & Li, 2014). Figure 2.14 illustrates the importance of this matter. The figure 
shows a ball-on-flat type tribology tests conducted by Minami et al. A monolayer made 
from stearic acid CH3(CH2)16COOH was tested using different types of ball materials. 
The steric acid was able to form monolayers on the glass and sapphire balls, but unable 
to attach to the steel balls. The sapphire and glass balls had low friction, which resulted 
in a long system lifetime, whereas the steel ball exhibited poor durability with high 
friction due to the insufficient generation of a film transfer to the ball surface (Minami, 
et al., 2008). 
 
Figure 2.14: Organic friction modifiers creates a monolayer on the sliding surfaces. If it is able to 
generate monolayers on both sliding surfaces, the friction is reduced which improves the system’s 
lifetime (Minami, et al., 2008).  
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 One of the commonly used organic friction modifiers in water-based lubricants are 
amines. Amine groups have been proved to significantly improve the tribological 
performance in terms of friction (Tomala, et al., 2010). Amines are usually categorized 
into four subcategories: primary amines, secondary amines, tertiary amines and cyclic 
amines, which are all illustrated in figure 2.15 (Tang & Li, 2014). 
 
Figure 2.15: Chemical composition of: a) primary amines, b) secondary amines, c) tertiary amines and d) 
an imidazoline derivative which is a cyclic type of amine (Tang & Li, 2014). 
Common for the three first subcategories of amines is that they all have a terminal 
containing a basic nitrogen atom with a lone pair. The lone pair binds to the sliding 
surface, and the tail of the amine helps separate any further contact between the sliding 
surfaces (Tang & Li, 2014). 
How effective the surface separation is depends on several factors: longer molecular 
chain lengths increases the film thickness, but also increase the interaction between the 
hydrocarbon chains (Keenbeck & Buenemann, 2003). Slim molecules allow for closer 
packing and increased interaction between adjacent chains, which leads to stronger 
films (Keenbeck & Buenemann, 2003). Temperature also affects the absorption of the 
friction reducing molecules to the sliding surface (Keenbeck & Buenemann, 2003). 
Another important factor that influence the effect from the friction modifiers are the 
materials of the sliding surfaces. Many amines have been proven effective in metal 
against metal sliding, but certain types such as the imidazoline derivative in figure 2.15 
has shown to provide a lower coefficient of friction for non-metal sliding surfaces, than 
for metal sliding surfaces (Tang & Li, 2014).  
The last type of friction modifier on the market are nanoparticles. As nano-science and 
technology advance, it has been widely accepted as an effective source for friction 
modifiers (Tang & Li, 2014). As they are not present in the tested lubricants, they will 
not be discussed further.  
 
2.10 Ultra-high molecular weight polyethylene 
Polyethylene is the most commonly used polymer in the world, and has a chemical 
formula of -(C2H4)n-, where n is the degree of polymerization. There are several types of 
polyethylene; low density polyethylene (LDPE), linear low density polyethylene 
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(LLDPE), high density polyethylene (HDPE) and ultra-high molecular weight 
polyethylene (UHMWPE) (Kurtz, 2009). 
For an UHMWPE, one molecular chain can consist of as many as 200 000 ethylene 
repeat units. This makes the molecular weight in the order of 3,5 to 7,5 (106 g/mol), 
hence the name of the polymer. This feature makes it significantly more abrasive and 
wear resistant compared to HDPE and the other polyethylene’s (Kurtz, 2009). 
2.11 Polytetrafluoroethylene  
The Polytetrafluoroethylene (PTFE) polymer is a linear fluoropolymer. The chemical 
structure is  -(CF2CF2)n- , and these groups repeat many thousand times (McKeen, 
2013). The basic properties of PTFE are caused by the very strong bonds between both 
carbon-carbon, as well as the carbon-fluorine. The size of the fluorine atoms allows for 
a formation of a uniform and continuous fluorine blanket that covers the carbon atoms. 
This makes PTFE rated for use up to 260 ˚C, and PTFE does not dissolve in any known 
solvent (McKeen, 2013). 
 
2.12 Tribology of polymers 
One of the basic features of almost all polymers is that a transfer film is generated if it 
slides against a harder surface. This transfer film has a strong influence on the tribology 
of polymers, and there are two main features of transfer film formation depending on 
polymer type (Stachowiak & Batchelor, 2000). 
The first type of polymer transfer film formation is by a series of lamellae that sticks to 
the harder surface through adhesion. This result in low friction, but high polymer wear 
rate. This form of film transfer is very common for polytetrafluoroethylene (PTFE), 
where the cause of adhesion is believed to be a interfacial chemical reaction between 
fluorine and carbon in PTFE and the opposing metallic surface (Stachowiak & 
Batchelor, 2000). This mechanism is illustrated in figure 2.16. Lamellae transfer is 
almost exclusively found using a PTFE polymer. The few exceptions to this rule have 
been reported with HDPE and UHMWPE (Stachowiak & Batchelor, 2000). 
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Figure 2.16: Lamellae transfer from polymer to metal surface  (Stachowiak & Batchelor, 2000). 
 
The other type of film transfer is a sort of lumpy transfer, where the polymer is ripped 
from its substrate and forms thicker lumps of polymer debris on the metal surface. The 
theory behind it is illustrated in figure 2.17, and this is by far the most common type of 
polymer transfer (Stachowiak & Batchelor, 2000). 
 
Figure 2.17: Lumpy polymer transfer (Stachowiak & Batchelor, 2000). 
 
Counterface roughness is another important factor to the effect of polymer wear. 
Research shows that there for many occasions exists an optimum surface roughness to 
reduce polymer wear. At the optimum surface roughness, the polymer is believed to 
cover the peaks of the opposing metallic surface. This results in a polymer on polymer 
sliding, and makes it theoretically possible to achieve a very low friction (Stachowiak & 
Batchelor, 2000). 
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The optimal counterface surface roughness has been studied for a UHMWPE polymer 
and as figure 2.18 shows; this value is dependent on sliding speed (Stachowiak & 
Batchelor, 2000). 
 
Figure 2.18: Effect of counterface roughness on UHMWPE wear (Stachowiak & Batchelor, 2000). 
Since most polymers have a relatively low melting point, the high temperature created 
by friction can melt the polymer surface. As the polymer melts the coefficient of friction 
drops drastically, but the amount of wear to the polymer increases. This creates an 
interfacial layer of melted polymer on the surface and is classified as a form of melting 
wear (Stachowiak & Batchelor, 2000). 
Polymers are also prone to abrasive wear when sliding against a harder material. This 
type of wear will display scratches, gouges and scoring marks on the worn surface 
(Myshkin & Kovalev, 2009). There are two distinct modes of deformation that occurs 
when an abrasive particle acts on a plastic material. The first type is plastic grooving, or 
plowing, where the polymer is pushed sideways by the abrasive particle. Since the 
polymer material is moved sideways, little or no material is removed from the surface 
(Myshkin & Kovalev, 2009).The second mode is called cutting, and this type of 
abrasive wear will chip off and remove the polymer from its surface (Myshkin & 
Kovalev, 2009). 
 
2.13 Inductively coupled plasma mass spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) is a system that combines an 
ICP with a mass spectrometer (Beauchemin, 1999). The system uses a high temperature 
plasma, usually in the range of 5000 – 10 000 K and the sample solution is fed through 
the plasma using argon as the carrying gas (Beauchemin, 1999).  
Figure 2.19 shows a typical ICP-MS setup. The sample solution is fed to the nebulizer 
through a pump. The nebulizer uses argon to convert the sample solution into an 
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aerosol. The aerosol then flows through a spray chamber where large droplets condense; 
leaving a fine droplet aerosol that is fed into the plasma. Inside the plasma the sample is 
broken down through several sequential processes: desolvation, vaporization, 
atomization and ionization. The amount of the sample elements that are expected to 
reach the ionization state is ≥ 90 % (Beauchemin, 1999). 
A portion of the ion rich plasma is fed through the sampler and skimmer into the mass 
spectrometer. Inside the mass spectrometer the ions are separated according to their 
mass-to-charge ratio (𝑚 𝑧) and counted (Beauchemin, 1999). The mass spectrometer 
gives the amount of each element present in the sample in µg/kg. The sample data is 
then converted into µg/L using the sample fluid’s density (ρ). 
 
 
Figure 2.19: Schematic drawing of a conventional ICP-MS instrument setup (Beauchemin, 1999). 
 
2.14 Karl Fischer titration 
Karl Fischer titration is a technique often used in analytical chemistry to determine the 
water level in fluids. Determination of water content by the use of a coulometric Karl 
Fischer titrator is very fast and accurate, and therefore widely used by laboratories all 
over the world (Bruttel & Schlink, 2003).  
 
The water content is calculated from the following reaction: 
H2O + I2 + [RNH]+SO3CH3- + 2RN ↔ [RNH]+SO4CH3- + 2[RNH]+I- 
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As seen from the reaction, iodine and water reacts at the ratio 1:1. In coulometric Karl 
Fischer titration the iodine is not titrated to the solution, but generated with an electrical 
current where I2 is oxidized using an anode (Bruttel & Schlink, 2003). 
When iodine is detected in the solution it means that there is no more water for the 
iodine to react with. The experiment is stopped, and the amount of moles of generated 
iodine up to this point will be exactly the same as the moles of water the solution had to 
begin with. The moles of iodine added to the solution are calculated from the stable 
current over the time of the experiment by using Faraday’s equation as seen in equation 
2.12. 
 𝑛 = !∙!!∙!    (2.12)  
 
In equation 2.12: n is the amount of substance [mol], t is the total time [s] the constant 
current I [A] was applied. z is valence number [e-] and F is Faraday’s constant !  !!"#  ! . 
 
2.15 Infrared spectroscopy 
Infrared spectroscopy studies the infrared spectrum of light, which is light with a longer 
wavelength and lower frequency than visible light (Ystenes, 2012). One of the most 
commonly used instruments to study the IR spectrum is called a Fourier transform 
infrared (FTIR) spectrometer (Ystenes, 2012).  
The main component of the FTIR spectrometer is the Michelson’s interferometer, which 
is displayed in figure 2.20. The IR source is normally a glowing carbon or mercury 
lamp, and the light is then directed through an aperture to reduce the signal strength. 
The beam is then split into two parts by a beamsplitter where approximately half of the 
light is sent towards a stationary mirror, while the other half is sent towards a moving 
mirror called the mirror scanner.  The light from both mirrors are then reflected back 
through the beam splitter and towards the sample. The moving mirror generates a 
varying difference in optical pathlengths, and this produces the interferogram read by 
the detector after the light has passed through the sample (Ystenes, 2012). 
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Figure 2.20: The optical lay-out of a FTIR instrument (Ystenes, 2012). 
 
The absorption of certain optical wavelengths in the sample are used to determine what 
molecules the sample contains. The absorption is caused by certain vibrating patterns in 
the sample molecules. Every atom in a molecule can move in three independent 
directions, hence the motions of a molecule with N atoms will be 3N degrees of 
freedom (Ystenes, 2012). Three of these degrees of freedom is due to translations, and 
for non-linear molecules three are due to rotation. This means that the number of 
vibration modes for non-linear molecules are 3N – 6. Linear molecules loses one 
direction of rotation, and can therefore have 3N – 5 vibration modes (Ystenes, 2012). 
Since water is non-linear and consists of three atoms, it has 3 different vibration modes 
as displayed in figure 2.21. These bending vibrations results in absorption of light 
around 6 µm and 3µm, or wavenumbers around 3700 cm-1 and 1600 cm-1 (Ystenes, 
2012).  
 
Figure 2.21: The three vibration modes of water, and the absorbing frequencies for each vibration 
(Ystenes, 2012). 
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The information regarding the absorbed frequencies from a FTIR spectrum can either be 
given as a transmission spectrum, or an absorbance spectrum as shown in figure 2.22 
(Ystenes, 2012). 
 
 
Figure 2.22: The infrared spectrum of 1-hexene given both as transmission spectrum (left) and absorbance 
spectrum (right) (Ystenes, 2012). 
 
To figure out which molecules the sample consists of, it is common to compare the 
spectrum with a lab spectrum of specific molecules. Since many compounds contains a 
very unique spectra, it is possible to accurately identify the samples compound with a 
high degree of certainty (Ystenes, 2012). Several IR-atlases have been made containing 
the most common compounds, and digital libraries containing tens of thousands of 
spectra are commercially available online (Ystenes, 2012).  
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3.  MATERIALS 
 
The materials described in this chapter have all been selected as potential candidates for 
full-scale use by NOV. The following chapter will give further insight of the selected 
materials properties as well as some background information of why they might be able 
to increase the system’s expected lifetime sufficiently.  
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3.1 Piston rod material 
National Oilwell Varco provided a super-duplex stainless steel from Sandvik Material 
Technologies called SAF2507. This high alloy austenitic-ferritic duplex steel shows 
excellent resistance to pitting, crevice corrosion and stress corrosion cracking (SCC) 
(Sandvik.com, 2013). This excellent corrosion resistance is due to the high amount of 
alloying elements displayed in table 3.1 
 
Table 3.1: Alloying composition of Sandvik’s SAF2507 SDSS (Sandvik.com, 2013). 
Steel  %C %Cr %Ni %Mo %N %Mn %Si %P %S %Cu 
SAF2507  ≤ 0,030 25 7 4 0,3 ≤ 1,2 ≤ 0,8 ≤ 0,035 ≤ 0,015 ≤ 0,5 
 
von der Ohe et al. (2009) reported that an uncoated version of SAF2507 have been used 
lately as an alternative to pistons with cheaper steel substrates equipped with corrosion 
and wear resistant coatings. However, in 2009, these pure SAF2507 piston rods had not 
been used for more than two years, so the concept is rather new and more field 
experience is needed. On the positive side there has not been reported any major failures 
on these types of piston rods yet, but visual observation shows that over time the mid 
stroke area becomes highly polished (von der Ohe, et al., 2009). 
von der Ohe et al. (2009) also noted that some of the SAF2507 cylinders had visible 
longitudinal running marks. He suggested that these wear marks was an indication to a 
lack of wear resistance due to low surface hardness. In order for this system to have a 
sufficient operational lifetime, it is of the outmost importance to find an optimal sealing 
material and lubrication. If the sealant and lubrication does not provide a sufficiently 
low coefficient of friction, the system will wear down too fast. Factors as the oils ability 
to create a stable hydrodynamic film on the SDSS surface as well as effective friction 
modifying additives are very important to optimize in order to achieve a sufficiently low 
wear rate. 
TE88 testing will be conducted to find the coefficient of friction of the SDSS with a 
polymer sealant as sliding partner. The TE88 machine is explained in depth in chapter 
4.2. 
3.2 Sealing material 
As mentioned in chapter 1, the most common sealant material used by NOV for the N-
line riser tensioning system is a UHMWPE sealant called Z80. Tyrhaug (2013) also 
tried a new sealing polymer made from polytetrafluoroethylene (PTFE) to investigate if 
it was better suited than the Z80 sealant.  
Results from Tyrhaug (2013) correspond well with literature (Stachowiak & Batchelor, 
2000) and shows that PTFE has a very low friction, but high wear rate. This high wear 
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rate makes it the poorer option compared to Z80, but further tests will be carried out in 
order to test both of these sealants in additional lubricants.  
Another sealant material tested in this study is also an UHMWPE material delivered 
from Röchling Engineering Plastics called Polystone LubX® C.  According to Röchling 
the coefficient of friction can be reduced by up to 60% using LubX C with steel as 
sliding partner, compared to other UHMWPE products (Roechling.com, 2013).  
UHMWPE materials are known for very high wear resistance even with water present, 
and good abrasive wear resistance. They tend to have a moderate COF, but are often 
eliminated for usage by a low temperature limit (Stachowiak & Batchelor, 2000).  
This report aims to provide more data as to how well the LubX® C UHMWPE polymer 
performs compared to both the M04 PTFE and Z80 UHMWPE. 
3.3 Lubricants 
In order to reduce the system’s fire hazard, the N-line riser tensioning system operates 
using low viscosity water glycol based hydraulic fluids (von der Ohe, et al., 2009). 
Tyrhaug (2013) and Skjerstad (2013) performed extensive testing using two different 
hydraulic fluids named fluid A and fluid C. This thesis will mainly focus on two new 
lubricants called fluid H and fluid X, and compare them to the previously tested fluid A 
and fluid C. 
3.3.1 Fluid A 
One of the previously tested water glycol based lubricants is called fluid A, and 
according to Tyrhaug's viscosity test results, it suffers a drastic viscosity increase during 
TE88 testing. Exactly why this viscosity increase occurs is still unclear, but as described 
earlier in chapter 1, Tyrhaug suggested that there might be a correlation between the 
amount of polymer and metal ions absorbed in the oil due to wear and the increase in 
viscosity (Tyrhaug, 2013). 
Fluid A has a pink colour and according to producers a density of 1,074 g/cm3. The 
kinematic viscosity of fresh oil should be about 35-38 cSt at 40 ˚C and fresh fluid A has 
a pH of 9,6. 
3.3.2 Fluid C 
The other previously tested water glycol based lubricant is called fluid C. According to 
Tyrhaug (2013) fluid C is less susceptible to increased viscosity, but the ICP analysis 
from Tyrhaug’s report shows higher amount of metal particles in fluid C compared to 
fluid A after TE88 testing.  There are several factors that could contribute to the 
increased wear rate compared to fluid A, but the biggest difference in chemical 
composition between the two oils are the friction modifying additives as well as a lower 
kinematic viscosity in fluid C compared to fluid A.  
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Fluid C is green in colour and has a relative density of 1,085 g/cm3 at 15,6 ˚C. The 
kinematic viscosity of fresh fluid C should be about 18 cSt at 40 ˚C, and have a pH of 
9,3. 
3.3.3 Fluid H 
The first of the two new lubricants is also water glycol based and has a pink fluorescent 
appearance. According to the producer, the fluids relative density is 1,0856 g/cm3 with a 
kinematic viscosity of 40 cSt at 40 ˚C and a pH value of 9,7. 
3.3.4 Fluid X 
The last new water glycol based hydraulic fluid to be tested is called fluid X, and it has 
a bright pink colour similar to that of fluid A and fluid H. Fluid X has a relative density 
of 1,080 g/cm3 at 15,6 ˚C, a kinematic viscosity of 40 cSt at 40 ˚C and a pH value of 
9,6.  
To get a better understanding of the different fluids compositions SINTEF performed an 
FTIR spectroscopy of fresh fluid samples from the four types of lubricants. The FTIR 
confirmed that the main components of all fluids are water and polyethylene glycol 
(PEG). The test also concluded that the composition of fluid X differs most from the 
other fluids, and that fluid C and fluid H contain a very similar amount of water and 
PEG. The transmission spectrum from the FTIR spectroscopy is shown in figure 3.1.  
 
 
Figure 3.1: Transmission spectrum from fresh samples of fluid A, C, H and X, conducted by SINTEF. 	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4.  EXPERIMENTAL 
 
The methods described in this section cover test equipment and procedures used for 
examination of wear rates and degradation of the different polymers and fluids.  
The pre-treatment conducted to the materials follows the guidelines of acknowledged 
industrial standards, and the tests settings described have been set in collaboration with 
SINTEF and NOV to mimic the operating conditions of the N-line riser tensioning 
system.    
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4.1 Pre-treatment 
Table 4.1 and 4.2 are lists of equipment and chemicals used for pre-treatment of the 
steel surfaces in order to make them ready for further testing with TE88.   
4.1.1 Equipment 
Table 4.1: Equipment 
Grinding machine, Buehler MetaServ 250 Grinder-Polisher 
Polishing machine, Struers Knuth Roter 2 
Ultrasonic cleaner, Elma S-15 Elmasonic 
Mitutoyo SJ-301 Surface Roughness Tester 
 
Table 4.2: Chemicals 
Ethanol 
Lubricant, Struers DP-lubricant blue 
Diamond polish, Struers DP-spray P (3 µm, 1 µm)  
4.1.2 Procedure 
SDSS samples: 
The SDSS samples were polished to provide two different surface finishes for further 
testing. One surface finish was mirror polished, and the other was rougher surface finish 
with an Ra-value of 0,30µm. 
Both surface finishes were produced using a stepwise grinding process, and between the 
stages, all samples were washed with distilled water and ethanol, and put in an 
ultrasonic bath containing ethanol for at least 3 minutes. 
 
Surface preparation for a surface roughness Ra= 0,30µm: 
Samples were first grinded using a P80 SiC-paper until all scratches from machining 
were eliminated. Afterwards the samples were cleaned, and the SiC-paper replaced with 
a fresh P120 paper. With the new SiC-paper the samples were stepwise polished down 
and checked regularly for wanted surface roughness using a Mitutoyo SJ-301 Surface 
Roughness Tester according to the standards NS EN ISO 4287 (Norsk Standard, 1999) 
and NS EN ISO 4288 (Norsk Standard, 1998). 
Six measurements were performed on each sample to estimate the average Ra-value. In 
order to make sure that the sample had the correct surface roughness over the whole test 
area, it was always conducted three measurements on each side of the sample .When the 
average value was less than ±0,01 µm from 0,30 µm, the surface preparation was 
considered as finished. Tables for the exact surface finish of all the performed tests can 
be found in appendix A.  
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Surface preparation for mirror-polished samples: 
The surface preparation was performed using a P80-paper to remove scratches from 
machining, and further it was gradually switched to a finer SiC-paper. In each step the 
samples were polished at 0°, 90° and 45° angles, to eliminate scratches in every 
direction.  
After each 3-step grinding the samples were washed thoroughly as described earlier in 
chapter 4.1, and the following SiC-papers were used in the grinding process: 
• P80 
• P220 
• P600  
• P1000 
• P2000 
The grinding process was followed by both 3 µm and 1 µm diamond polishing, each 
with durations of 3 minutes.  
The Mitutoyo SJ-301 Surface Roughness Tester was not used on mirror-polished 
samples since it contributes to unwanted scratches in the surface.  
Polymer samples: 
A 1 cm thick 15 by 20 cm block of Polystone LubX C – polymer was machined down 
to desired polymer pin size by SINTEF’s mechanical workshop. The cylindrical pins 
machined for the TE88 test had a flat circular surface with a diameter of 8 mm, and a 
height of 15 mm as seen in figure 4.1 
 
 
Figure 4.1: LubX C polymer sample used for TE88 testing. 
Trelleborg provided pre-machined polymer pins of the Z80 and M04 materials with the 
same geometry as the LubX C pin in figure 4.1.   
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4.2 TE88 multi-station friction and wear machine 
Table 4.3 and 4.4 displays equipment and chemicals used during the different TE88 
multi-station friction and wear tests. 
4.2.1 Equipment 
Table 4.3: Equipment 
TE88 Multi-Station Friction and Wear Test Machine 
Ultrasonic cleaner, Elma S-15 Elmasonic 
Magnetic stirrer with heating element 
 
Table 4.4: Chemicals 
100% pure ethanol 
Nitrogen, 4.0 
Fluid A 
Fluid C 
Fluid H 
Fluid X 
4.2.2 Procedure 
As seen in figure 4.2, the TE88 multi-station friction and wear machine consist of a 
motor (1) attached to a reciprocating plate (3) through a throw crank (2). Attached to the 
reciprocating plate is a sample holder (4) where the SDSS sample is placed, and the 
lubricant is added.  Above the sample holder is the pin arm (5), where the polymer pin 
is attached. Normal load is applied from the pin arm to the SDSS sample from the load 
gauge (6) 
 
Figure 4.2: The TE88 multi-station friction and wear machine. 
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Prior to each test the sample holder, steel sample and polymer pin were washed in 
distilled water, ethanol and ultrasonic bath with ethanol. The pin arm was adjusted to 
equilibrium, and the throw crank was adjusted to 10 mm in order to give a stroke length 
of 20 mm.  
Further, the SDSS sample and polymer pin was placed in the sample holder and pin 
holder.  The pin arm was carefully lowered to the SDSS sample, and the pin arm was 
leveled with the sample holder by adjusting the height of the pin arm.  
Finally, the lubricant was preheated to 40 °C using a magnetic stirrer, and 
approximately 20 mL of lubricant was added to the sample holder. TE88 tests were then 
conducted with the parameters shown in table 4.5. The initial load was 600 N, but many 
of the tests experienced a small drop in pin load. The average pin load for each test can 
be found in appendix A.  
 
Table 4.5: Wear test parameters for six-hour TE88 test (Tyrhaug, 2013). 
Pin 
diameter  
Initial 
normal 
load  
Stroke 
length  
Frequency  Test 
duration  
Average 
sliding 
speed  
Temp. test 
station  
8 mm  600 N  20 mm  1 Hz  360 min  40 mm/s  40 °C  
 
For each test, the weight of the steel sample and polymer pin was measured before and 
after testing. At least two parallels were conducted for each of the different test setups. 
All additional data recorded for the TE88 tests can be found in appendix A.  
As with most instruments, the TE88 also needs to be calibrated from time to time. This 
is done by adding weights with a known mass at designated areas of the machine to 
check if the pressure sensors read the correct force of pressure. The machine was last 
calibrated in March 2014, and only negligible adjustments had to be made.  
Nitrogen tests 
In addition to the regular TE88 tests, a series of tests were performed in a controlled 
atmospheric chamber without any oxygen present. In order to achieve this, the machine 
was sealed off with a plexiglass case surrounding the machine. Nitrogen was fed into 
the chamber through plastic tubes, and an oxygen-measuring device measured the 
oxygen level inside the chamber at all times.  
After the chamber had been completely filled with nitrogen, the nitrogen flow rate was 
decreased. It was however never fully turned off during testing, in order to keep a 
constant overpressure in the chamber. 
When the oxygen-measuring device showed an oxygen content of 0,0 % the TE88 test 
was initiated. Testing parameters were the same as in the normal TE88 tests, which is 
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displayed in table 4.6. Additional information regarding the nitrogen tests can be found 
in table A.13, A.14 and A.15 in appendix A. 
Dry tests 
In order to investigate the COF between the polymer and steel surface, two parallels of 
TE88 tests were conducted using LubX C polymer pins and steel samples with a surface 
roughness Ra= 0,30 µm. These tests were performed with the exact same parameters as 
the normal TE88 tests, but without adding any lubricant in the sample holder.  
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4.3 Thermal exposure of lubricants  
In order to conduct a thermal exposure test of the lubricants, equipment and chemicals 
displayed in table 4.6, and 4.7 were used. 
4.3.1 Equipment 
Table 4.6: Equipment 
Magnetic stirrer with heating element 
Multimeter equipped with thermocouple 
 
Table 4.7: Chemicals 
Fluid A 
Fluid C 
Fluid H 
Fluid X 
 
4.3.2 Procedure 
To investigate the loss of water content due to thermal exposure during TE88 testing, all 
lubricants were heated using a magnetic stirrer. In order to keep the parameters as close 
to the TE88 test as possible, 20 mL of fluid was placed in a beaker with a surface area 
of 35,25 cm2. This was the beaker found to have the closest surface area to the TE88 
test chamber, which was measured to be approximately 31 cm2.  
A magnet was placed in the beaker together with the oil, and the rotational speed was 
set to 400 rpm. The heat was first set to 50 ºC for approximately 10 minutes until the 
thermocouple measured a temperature of 37 ºC. At this point, the temperature of the 
magnetic stirrer was adjusted, and the test time was set for six hours. The thermal 
exposure test was closely monitored, and measures were taken to make sure the oil 
always kept a temperature between 37 and 41 ºC.  
All tests were conducted using the same beaker, magnetic stirrer and thermocouple. 
After six hours, the oil was removed from the heat source, and placed in a closed 
container for further viscosity analysis.  
 
4.4 Rheometer testing 
To investigate the viscosity of the lubricants used in the TE88 tests, a rheometer as 
described in table 4.8 was used. 
4.4.1 Equipment 
Table 4.8: Equipment 
Haake Mars Rotational Rheometer 
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4.4.2 Procedure 
The viscosity was measured by calculating the average value of 15 measurements taken 
while the oil was held at a constant shear stress of 500 s-1 over the course of 30 seconds. 
The shear stress ramp time was set to 180 seconds prior to, and after testing. Figure 4.3 
shows a screenshot of the test setup parameters.  
 
Figure 4.3: Test parameters for the rheometer test. The same program was used for 40 °C, 60 °C and 80 
°C. 
 
The sample holder was first calibrated to a gap size of 0,600 mm, and then 1,85 mL of 
lubricant was added. To do this as accurate as possible a scale was used, and the correct 
amount of oil was calculated using the oils density.  
First the viscosity of fresh samples from both fluid A and fluid C was measured at 20°C, 
40 °C, 60 °C and 80 °C. The dynamic viscosity was collected from the sample data 
where the share stress was constant, and this was used to calculate the kinematic 
viscosity at each of the temperatures. The lubricant samples were not changed for each 
temperature, but a delay of approximately 3 minutes was added between each 
temperature step to let the oil stabilize.  
Each lubricant sample from the TE88-test had its viscosity measured at the same 
temperatures as the fresh fluid. The calculated kinematic viscosity was then compared 
to the viscosity of the fresh fluid, and the difference in viscosity is presented as the 
percentage difference [%] in chapter 5.  
4.5 Surface investigation 
A series of equipment was used in order to investigate the wear surfaces both prior to 
and after TE88 testing. The following segment will explain the different equipment in 
detail. 
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4.5.1 Surface roughness measurement 
As mentioned in chapter 4.1.2 a Mitutoyo SJ-301 Surface Roughness Tester was used to 
measure the roughness of the SDSS samples. This was conducted according to the 
standards NS EN ISO 4287 (Norsk Standard, 1999) and NS EN ISO 4288 (Norsk 
Standard, 1998). 
The setup consists of a display unit and a drive unit, and there is a detector with a 
diamond pin attached to the drive unit. Prior to testing the machine was calibrated 
against a precision roughness sample in order to get accurate results. The test setup of 
the drive unit and the calibration sample can be seen in figure 4.4. 
 
Figure 4.4: The drive unit of the stylus profilometer used for measuring surface roughness. 
4.5.2 Scanning electron microscope 
A Hitachi S-3400N Low Vacuum Scanning Electron Microscope (LVSEM) was used to 
investigate the wear tracks of the SDSS samples from the TE88 tests. Since the mirror 
polished SDSS samples had minimal amount of wear marks, LVSEM was not 
performed for these samples. All of the SDSS samples with a Ra value of 0,30 µm were 
however investigated to characterize the wear mechanisms and to find the amount of 
polymer debris transferred from the polymer pin to the steel sample.  
 A series of SEM images was also taken of the different polymer pin surfaces used in 
the Ra= 0,30 µm tests as well as images of fresh polymer samples. In order to reduce 
any charging effect from the SEM to the polymer surface, the contact surface of the 
polymer pins were coated with a thin carbon layer. The rest of the polymer pin was 
wrapped in an aluminium foil in order to avoid charging from the rest of the polymer 
pin. 
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4.5.3 Confocal microscopy 
Since the LVSEM was impractical to get good images of polished surfaces, the Infinite 
Focus Microscope (IFM) was used to take pictures of all surface wear tracks after TE88 
testing. Both regular and 3D images of the pin surface were obtained at 2,5x 
magnification, and 10x images of the SDSS wear tracks were taken at representative 
areas of the mid stroke region. Images of both the external border of the wear tracks, as 
well as images inside the wear tracks were obtained for further investigation.  
All 3D image scans were obtained using a vertical resolution of 2,3 µm and a lateral 
resolution of  ̴ 20,0 µm. The 3D images of the polymer pins were added artificial 
colouring to get a better grasp of the surface topography. The pseudo colouring setting 
for the IFM microscope was set at a range of 45 µm for peaks and -65 µm for valleys. 
An image of this scale can be found in figure C.5 in appendix C. Surface peaks with the 
height of 45 µm will be shown in orange, and valleys as low as -65 µm will be 
displayed in a violet colour. Any peaks or valleys higher or lower will be shown in a 
black colour since they are out of the size range.  +45 to -65 µm were chosen as the 
optimal range since it gave the best colour span in the images.  
All polymer pin surfaces were investigated both before and after TE88 testing and all 
the images from the IFM surface investigation can be found in appendix C.  
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5.  RESULTS 
 
The main scope of this research was to investigate how the different sealing materials 
and hydraulic lubricants interact with each other. The goal is for this information to help 
National Oilwell Varco select the optimal sealing material and hydraulic lubricant in 
order to achieve a system with low friction and wear rate, as well as a stable long lasting 
lubricant.  
Key results are presented in this chapter, while several of the appendices will give in-
depth information regarding all the parallels of the different tests performed. In the 
appendices, the following additional information can be found: 
Appendix A: Additional data from the conducted TE88 tests. 
Appendix B: Coefficient of friction tables from all the TE88 tests. 
Appendix C: IFM and SEM images from surfaces of all the executed TE88 tests. 
Some of the presented data are collected from experiments carried out by Tyrhaug 
(2013) and from the specialization study performed prior to the master thesis (Skjerstad, 
2013).  A total of 45six-hour TE88 tests were conducted for this thesis, followed by 
surface investigation and viscosity analysis on the materials from all of these tests.  
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5.1 Coefficient of friction 
The TE88 multi-station friction and wear machine measured the coefficient of friction 
(COF) at a rate of 5 Hz. The average COF was calculated from each of the different test 
setups, and these values were compared to the average COF from Tyrhaug (2013) and 
from the specialization study (Skjerstad, 2013). The results were as follows:  
Results from Tyrhaug (2013) and Skjerstad (2013) performed with the different 
polymers in fluid A and fluid C, are illustrated in figure 5.1. The light blue dots 
illustrates tests completed by Tyrhaug (2013) while dark blue dots are conducted by 
Skjerstad (2013): 
 
 
Figure 5.1: Average COF from previously conducted six-hour TE88 tests (Skjerstad, 2013). 
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Figure 5.2 displays the average COF from tests executed with the new fluids H and X. 
The lightest blue colour indicates tests with M04 PTFE polymer, blue colour indicates 
tests perfromed with Z80 UHMWPE, while dark blue is tests conducted with LubX C 
UHMWPE:   
 
Figure 5.2: Average COF from the six-hour TE88 tests conducted with fluid H and fluid X. 
 
Figure 5.1 and 5.2 shows a clear pattern from tests performed with a surface roughness 
Ra= 0,30 µm, while the tests conducted on polished steel surfaces have less clear 
pattern, other than the fact that they display lower values. Figure 5.3 shows the COF 
from all the TE88 tests with a surface roughness Ra= 0,30 µm: 
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Figure 5.3: Average COF from all TE88 tests with a surface roughness Ra= 0,30 µm. 
Since the average COF for the tests conducted with the same type of polymer showed 
such small variations, a dry test with two parallels using the LubX C polymer were 
performed in order to check that that the hydraulic fluid actually contributed to a lower 
average COF. 
From the data in figure 5.3, there is a pattern displaying lower average COF from the 
PTFE polymer, than the two UHMWPE polymers. Of the two UHMWPE, there is a 
small indication that using LubX C results in a lower COF than using Z80.  
Closer investigation of the COF from the mid stroke region of the different polymers 
rubbing against a steel surface with a roughness Ra= 0,30 µm in fluid X, reveals a 
difference in friction patterns between PTFE and UHMWPE as displayed in figures 5.4, 
5.5 and 5.6. 
 
 
46 
 
Figure 5.4: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in 
fluid X. 
 
Figure 5.5: TE88 results from rubbing a Z80 polymer against a steel surface with Ra=0,30µm in fluid X. 
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The two UHMWPE polymers displayed in figure 5.4 and 5.5 starts off with a high COF, 
which is reduced during a run-in period lasting approximately one hour. After the run-in 
period, the COF stabilizes at a constant value. LubX C settles at a COF around 0,012 
whereas the COF for Z80 settles around 0,016.  
The PTFE polymer M04, generates a rather different mid stroke COF path as displayed 
in figure 5.6. The COF slowly increases the first hour, and then steadily declines for the 
rest of the testing period.  
 
Figure 5.6: TE88 test results from rubbing a M04 polymer against a steel surface with Ra=0,30µm in 
fluid X. 
In addition to the regular TE88 tests, a series of tests were carried out in a pure nitrogen 
atmosphere. By removing any oxygen from the system, the lubricant will not have the 
same ability to oxidize and this might alter the degradation processes that occurs during 
TE88 testing. The tests were performed using LubX C polymer pins and the steel 
sample had a surface roughness Ra= 0,30 µm. The different nitrogen tests were then 
compared to the TE88 tests conducted in a normal atmosphere to see if there was any 
noticeable difference. The comparison results are displayed in figure 5.7. Dark blue dots 
represent TE88 tests executed under normal conditions, while light blue dots represent 
the TE88 tests conducted in a pure nitrogen atmosphere.  
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Figure 5.7: Comparison of average COF from TE88 tests conducted under normal conditions, and in a 
pure nitrogen atmosphere. 
 
Considering the margin of error, the nitrogen does not show any visible effect on the 
average COF during a six-hour TE88 test. Further comparison of the COF from the mid 
stroke regions also show very similar results between tests in regular atmosphere (figure 
5.8) and tests in nitrogen atmosphere (figure 5.9). 
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Figure 5.8: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in 
fluid X and an open atmosphere. 
 
 Figure 5.9: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in 
fluid X and an nitrogen atmosphere. 
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The TE88 tests that differed most when nitrogen was applied to the system, was fluid A. 
All fluid A tests shows sign of a small increase in COF after the run in period, but test 1 
of fluid A in nitrogen has a much steeper positive gradient towards the end of the test. 
TE88 tests with LubX C and fluid A in regular atmosphere are displayed in figure 5.10, 
and TE88 tests with LubX C and fluid A in nitrogen are displayed in figure 5.11.  
 
Figure 5.10: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in 
fluid A and an open atmosphere.	  
 
Figure 5.11: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in 
fluid A and an nitrogen atmosphere. 	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5.2 Surface investigation 
A series of SEM and IFM pictures were taken both before and after each TE88 tests. All 
of these pictures can be found in appendix C, and the following section will present a 
selection of images that highlights the different wear patters found using the different 
polymers and fluids.  
SEM images of the surface topography from the different polymer pins were taken in 
order to get a better idea of how the polymer pins looked like before TE88 testing. 
LubX C pins pictured in figure 5.12 have a smoother surface than the Z80 polymer 
pictured in figure 5.13. The texture of M04 PTFE differs from the two UHMWPE 
polymers as seen in figure 5.14.  
 
 
Figure 5.12: SEM image of a fresh LubX C pin. 
 
 
Figure 5.13: SEM image of a fresh Z80 pin. 
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Figure 5.14: SEM image of a fresh M04 pin. 
 
Surface investigation revealed that the wear rate differed between the different polymers 
tested. M04 PTFE tested against steel surfaces with a surface roughness Ra= 0,30 µm 
had the most polymer transfer into the lubricant, and also the highest amount of abrasive 
wear on the steel surface. This was shown to be the case regardless of which type of 
lubricant that was used.  
Figures 5.15 and 5.16, displays IFM images from the second TE88 test with M04 
rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid X. Figure 
5.17 shows SEM images from the mid stroke region of the same SDSS sample. Both the 
polymer pin and steel surface shows clear abrasive wear marks, as well as extensive 
polymer transfer to the steel surface. 
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Figure 5.15: IFM images of M04 pin prior to, and after TE88 testing against a SDSS-sample with a 
surface roughness Ra = 0,30 µm in fluid X. 
 
Figure 5.16: IFM images of SDSS sample after TE88 testing with M04 in fluid X, and SEM images of the 
M04 pin after TE88 testing. 
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Figure 5.17: SEM images of SDSS sample after TE88 testing with M04 and fluid X. 
 
When it comes to the wear surfaces of the two UHMWPE materials, they behave quite 
similar. Both Z80 and LubX C shows moderate wear to the polymer pin, with some 
abrasive wear marks in the polymer material. The steel surfaces they have been rubbed 
against remain rather intact with very little signs of wear marks on their surface.  
There is however quite a bit of polymer transfer from the pin to the steel surface from 
both Z80 and LubX C. A noticeable distinction of polymer transfer can also be observed 
between the two UHMWPE materials: LubX C leaves thinner polymer lumps 
perpendicular to the sliding direction, whereas Z80 leaves thicker lumps of polymer 
debris on the steel surface. Overall, it seems like Z80 generates more polymer transfer 
to the steel surface than LubX C. This difference is illustrated with figure 5.18, 5.19 and 
5.20 which shows a typical LubX C wear rate and polymer transfer, and 5.21, 5.22 and 
5.23 which shows a typical Z80 wear rate and polymer transfer. 
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Figure 5.18: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample with a 
surface roughness Ra = 0,30 µm in fluid H.
 
Figure 5.19: IFM images of SDSS sample after TE88 testing with LubX C in fluid H, and SEM images of 
the LubX C pin after TE88 testing. 
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Figure 5.20: SEM images of SDSS sample after TE88 testing with LubX C and fluid H. 
 
Figure 5.21: IFM images of Z80 pin prior to, and after TE88 testing against a SDSS-sample with a 
surface roughness Ra = 0,30 µm in fluid H. 
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Figure 5.22: IFM images of SDSS sample after TE88 testing with Z80 in fluid H, and SEM images of the 
Z80 pin after TE88 testing. 
 
Figure 5.23: SEM images of SDSS sample after TE88 testing with Z80 and fluid H. 
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Surface investigation of the TE88 tests performed using LubX C in a nitrogen 
atmosphere revealed a similar surface wear to LubX C tested in a regular oxygen-
containing atmosphere. The most notable observation was that the nitrogen tests where 
LubX C was tested against fluid C had a higher than normal amount of polymer transfer 
to the steel surface. This amount of polymer transfer did in fact look very similar to 
what one could expect from the TE88 tests with Z80. This is portrayed in figure 5.24, 
5.25 and 5.26 which shows images from the TE88 tests where LubX C has been rubbed 
against a steel surface with a surface roughness Ra= 0,30 µm in fluid C and a pure 
nitrogen atmosphere.  
 
 
 
Figure 5.24: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a 
nitrogen atmosphere with a surface roughness Ra = 0,30 µm in fluid C. 
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Figure 5.25: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid C, and 
SEM images of the LubX C pin after TE88 testing. 
 
Figure 5.26: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C and fluid C. 
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In order to investigate the friction reduction caused by the lubricant, a series of dry tests 
with LubX C against a steel counterpart with a surface roughness Ra= 0,30 µm were 
conducted. Surface investigation after the test revealed a low amount of polymer 
transfer, but it was the only case where abrasive wear marks have been found on the 
steel surface while using LubX C other than the TE88 test conducted with fluid C 
during the specialization study. Images from the dry test are displayed in figure 5.27, 
5.28 and 5.29. 
 
 
 
Figure 5.27: IFM images of LubX C pin prior to, and after dry TE88 testing against a SDSS-sample with 
a surface roughness Ra = 0,30 µm. 
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Figure 5.28: IFM images of SDSS sample after dry TE88 testing with LubX C, and SEM images of the 
LubX C pin after TE88 testing. 
 
Figure 5.29: SEM images of SDSS sample after dry TE88 testing with LubX C.  
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5.3 Viscosity analysis and examination of water content 
Previous studies from Tyrhaug (2013) and Skjerstad (2013) revealed a big difference in 
viscosity change for fluid A. The previous studies also revealed that fluid C seemed to 
remain more stable in terms of viscosity compared to fluid A. In this section the 
viscosity from the TE88 tests with the new fluid H and fluid X will be presented, as 
well as the results from investigation of the different fluid’s water content both prior to 
and after TE88 testing.  
5.3.1 Viscosity analysis 
Fresh samples of all the fluids were analyzed and the results are shown in table 5.1. 
These values correspond well with viscosity values found in the separate fluid’s data 
sheets.  
 
Table 5.1:  Viscosity analysis of fresh fluid samples from fluid A, C, H and X.  
Fresh fluid Kinematic viscosity [cSt] at various temperatures  
 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
Fluid A 76 39 23 15 
Fluid C 
Fluid H 
Fluid X 
39 
87 
81 
19 
42 
40 
11 
23 
22 
7 
15 
14 
  
Table 5.2, 5.3 and 5.4 shows viscosity data from Z80, LubX C and M04 TE88 test 
conducted with fluid H. As seen from the tables, use of different polymers resulted in 
approximately the same viscosity increase.  
 
Table 5.2: Viscosity analysis from TE88 tests with Z80 and fluid H. 
Fluid H 
Z80-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
  [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 87 0 42 0 23 0 15 0 
          
Polished surface         
 Test 1 355 308 157 274 80 248 46 207 
 Test 2 318 266 143 240 73 217 42 180 
Ra = 0,30 µm         
 Test 1 336 286 151 260 77 235 45 200 
 Test 2 346 298 156 271 81 252 47 213 
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Table 5.3: Viscosity analysis from TE88 tests with LubX C and fluid H. 
Fluid H 
LubX C-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
  [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 87 0 42 0 23 0 15 0 
          
Polished surface         
 Test 1 387 345 171 307 87 278 50 233 
 Test 2 352 305 159 279 82 257 48 220 
Ra = 0,30 µm         
 Test 1 349 301 158 276 80 248 47 213 
 Test 2 365 320 160 281 82 257 47 213 
 
 
Table 5.4: Viscosity analysis from TE88 tests with M04 and fluid H. 
Fluid H 
M04-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
  [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 87 0 42 0 23 0 15 0 
          
Polished surface         
 Test 1 332 282 154 267 75 226 44 193 
 Test 2 327 276 147 250 75 226 44 193 
Ra = 0,30 µm         
 Test 1 319 267 142 238 73 217 43 187 
 Test 2 318 266 144 243 75 226 43 187 
 
Table 5.5, 5.6 and 5.7 displays the viscosity data from Z80, LubX C and M04 with fluid 
X. The polymers tested in fluid X also resulted in approximately the same viscosity 
increase. In general, the kinematic viscosity of fluid X after TE88 testing is slightly 
higher than the kinematic viscosity of fluid H.  
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Table 5.5: Viscosity analysis from TE88 tests with Z80 and fluid X. 
Fluid X 
Z80-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
  [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 81 0 40 0 22 0 14 0 
          
Polished surface         
 Test 1 370 357 164 310 84 282 48 243 
 Test 2 341 321 154 285 79 259 46 229 
Ra = 0,30 µm         
 Test 1 381 370 171 328 88 300 51 264 
 Test 2 361 346 162 305 82 273 48 243 
 
Table 5.6: Viscosity analysis from TE88 tests with LubX C and fluid X. 
Fluid X 
LubX C-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
 [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 81 0 40 0 22 0 14 0 
          
Polished surface         
 Test 1 387 378 173 333 86 291 50 257 
 Test 2 379 368 170 325 86 291 50 257 
 Test 3 414 411 181 353 94 327 54 286 
 Test 4 383 373 168 320 86 291 50 257 
Ra = 0,30 µm         
 Test 1 440 443 191 378 96 336 54 286 
 Test 2 319 294 144 260 73 232 43 207 
 
Table 5.7: Viscosity analysis from TE88 tests with M04 and fluid X. 
Fluid X 
M04-pin 
Kinematic viscosity [cSt] at various temperatures  
6 hour test 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
  [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fresh fluid 81 0 40 0 22 0 14 0 
          
Polished surface         
 Test 1 341 321 157 293 78 255 45 221 
 Test 2 349 331 152 280 77 250 44 214 
Ra = 0,30 µm         
 Test 1 355 338 158 295 80 264 45 221 
 Test 2 346 327 154 285 78 255 45 221 
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Viscosity analysis was also performed for the tests conducted in a nitrogen atmosphere. 
These tests were all performed using LubX C and a steel surface roughness of Ra= 0,30 
µm. As seen in table 5.8 the results were very similar to what one would expect from 
regular TE88 viscosity results. Fluid C, H and X all have about a four time increase in 
viscosity at 40 ºC, whereas fluid A suffers about a ten time increase in viscosity.  
Table 5.8: Viscosity analysis from TE88 tests conducted in a pure nitrogen atmosphere with LubX C and 
different fluids.  
Nitrogen tests Kinematic viscosity [cSt] at various temperatures  
Ra=0,30 µm 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
LubX C-pin [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
         
Fluid A         
 Test 1 945 1143 417 969 212 822 123 720 
 Test 3 845 1012 371 851 188 717 108 620 
Fluid C         
 Test 1 193 395 82 332 26 136 11 57 
 Test 2 187 379 80 321 29 164 11 57 
Fluid H         
 Test 1 435 400 191 355 95 313 53 253 
 Test 2 371 326 165 293 84 265 49 227 
Fluid X         
 Test 1 383 373 166 315 84 282 49 250 
 Test 2 375 363 163 308 84 282 49 250 
 
 
5.3.2 Examination of water content 
Loss of water content due to heating was investigated by Tyrhaug (2013), and 40 ºC 
heating for six hours was found to have a negligible effect. These tests were however 
performed by heating 200 mL of fluid, which is considerably more than the 20 mL of 
fluid used in the sample chamber of the TE88 machine.  
New tests were performed using 20 mL of fluid in a beaker with roughly the same 
surface area as the TE88 sample chamber. After six hours of heating to 40 ºC, the fluid 
was collected and the viscosity was investigated. The results from the viscosity analysis 
are shown in table 5.9. 
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Table 5.9: Viscosity analysis of different fluids heat-treated for six hours at 40 ºC. 
Heat treated Kinematic viscosity [cSt] at various temperatures  
fluids, 6 hours 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
 [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
Fluid A         
 Test 1 1131 1388 504 1192 252 996 145 867 
Fluid C         
 Test 1 65 67 26 37 14 27 8 14 
Fluid H         
 Test 1 361 315 136 224 57 148 27 80 
Fluid X         
 Test 1 269 232 98 145 40 82 23 64 
 
Data from table 5.9 indicates that fluid heating and viscosity increase are closely 
related. In order to accurately measure the water content of the different fluids, a series 
of TE88 tests using LubX C and polished SDSS was performed. The fluid from these 
tests were sent to the Uglestad Laboratory at NTNU together with fresh samples of each 
fluid. At the Uglestad Laboratory, Karl Fischer titration was performed to investigate 
the water content of each fluid prior to and after TE88 testing. The results are displayed 
in figure 5.30.  
 
 
Figure 5.30: Water content [%] of the different fluids before and after TE88 testing.  
 
 
67 
Karl Fischer titration revealed a huge drop in water content after TE88 testing in all 
fluids. The viscosity from the TE88 test investigated with Karl Fischer titration was also 
checked. These results are given in table 5.10, and the data corresponds well with the 
rest of the viscosity data collected from previous conducted TE88 experiments.  
Table 5.10: Viscosity data from TE88 tests investigated with Karl Fischer titration.  
Titrated tests Kinematic viscosity [cSt] at various temperatures  
Polished SDSS 20 ˚C 40 ˚C 60 ˚C 80 ˚C 
LubX C-pin [cSt] [%] [cSt] [%] [cSt] [%] [cSt] [%] 
 
Fluid A 
        
 Test 2 845 1012 392 905 192 735 115 667 
Fluid C         
 Test 1 177 354 77 305 38 255 14 100 
Fluid H         
 Test 1 352 305 159 279 82 256 48 220 
Fluid X         
 Test 1 383 373 168 320 86 291 50 257 
 
5.4 ICP results 
During the specialization study, a series of TE88 tests were performed using LubX C 
and both fluid A and fluid C. The lubricants from these TE88 tests were collected and 
sent to the laboratory at NTNU for ICP-MS analysis. Unfortunately, the laboratory did 
not have the resources to complete the tests before the due date of the specialization 
study. In the following section, the ICP-MS results from the fluids tested during the 
specialization study will be presented.  
Tyrhaug (2013) investigated the content of fresh fluid A and C, as seen in figure 5.11. 
This indicates that both fluid A and C contains some iron and zinc. Fluid C contains a 
lot more sulfur and phosphorous than fluid A, suggesting that they rely on different 
additives in order to generate a stable fluid.  
 
Table 5.11: Concentrations [µg/L] of different elements found in fresh fluid A and C (Tyrhaug, 2013). 
 
 
 
 
 
 
 
 
Iron 
(µg/L) 
Zinc 
(µg/L) 
C
alcium
 
(µg/L) 
 
Sulfur 
(µg/L) 
 
Phosphorous 
(µg/L) 
Fresh Fluid A 84 82 164 0 280 
Fresh Fluid C 112 17 1201 831 973 948 245 
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ICP-MS data collected from the lubricants tested during the specialization study is 
presented in table 5.12. The data reveals a high sulfur and molybdenum content in fluid 
C, compared to the content of these elements in fluid A. 
 
 
 
Table 5.12: Concentration [µg/L] of different elements found in lubricants used in TE88 tests during the 
specialization study (Skjerstad, 2013). 
 
 
 
Surface investigation performed in the specialization study, revealed a higher amount of 
wear to steel samples tested with fluid C. The ICP data given in table 5.13 reveals a 
higher concentration of iron from tests with fluid C compared to fluid A. This supports 
the claim that fluid A contributes to a lower wear rate than fluid C.  
 
 
 
 
 
 
 
M
agnesium
 
(µg/L) 
 
Phosphorus 
(µg/L) 
 
Sulfur 
(µg/L) 
C
alcium
 
(µg/L) 
Zinc 
(µg/L) 
M
anganese 
(µg/L) 
M
olybdenum
 
(µg/L) 
Fluid C, Polished, Test 1 564 1 789 822 1 477 852 2902 1822 82 100 755 
Fluid C, Ra= 0,30, Test 1 432 1 812 745 1 500 894 3280 499 65 100 619 
Fluid A, Polished, Test 2 120 1544 1472 984 296 24 228 
Fluid A, Ra= 0,30, Test 2 93 2194 1032 1030 353 55 158 
Fluid C, Ra= 0,30, Test 2 350 1 769 419 1 496 678 2645 190 98 98 638 
Fluid A, Ra=0,30, Test 3 77 2238 1403 1054 1271 64 192 
Fluid A, Polished, Test 3 92 786 0 872 1471 55 59 
Fluid A, Polished, 2 hour 92 731 365 773 224 28 29 
Fluid A, Ra=0,30, 2 hour 90 780 339 710 170 18 11 
Fluid A, Polymer, 2 hour 100 703 0 890 1265 47 4 
Fluid A, Polymer, 6 hour 126 672 0 2102 4208 65 1 
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Table 5.13: Concentration [µg/L] of different elements found in lubricants used in TE88 tests during the 
specialization study (Skjerstad, 2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	  
 
 
 
Iron 
(µg/L) 
C
obalt 
(µg/L) 
N
ickel 
(µg/L) 
C
hrom
ium
 
(µg/L) 
Fluid C, Polished, Test 1 1897 10 96 194 
Fluid C, Ra= 0,30, Test 1 1195 10 54 52 
Fluid A, Polished, Test 2 827 3 74 87 
Fluid A, Ra= 0,30, Test 2 680 2 87 41 
Fluid C, Ra= 0,30, Test 2 1190 5 80 157 
Fluid A, Ra=0,30, Test 3 627 2 66 21 
Fluid A, Polished, Test 3 688 2 65 61 
Fluid A, Polished, 2 hour 485 2 32 23 
Fluid A, Ra=0,30, 2 hour 282 5 12 14 
Fluid A, Polymer, 2 hour 278 2 32 10 
Fluid A, Polymer, 6 hour 274 2 89 12 
 
 
70 
 
 
 
6.  DISCUSSION 
 
The following is observed from the data of the performed experiments, presented in 
chapter 5: 
The PTFE polymer M04 provides the lowest COF, but it generates a high wear rate to 
both the polymer and steel surface. 
The UHMWPE materials Z80 and LubX C have a better performance in all lubricants 
compared to M04. 
Z80 generates more polymer debris to the steel counter-sliding surface compared to 
LubX C in the new lubricants H and X.  
Fluid C tests have the highest amount of surface wear, fluid A shows moderate wear 
and fluid H and X have a similar wear rate which is lower than fluid C and A.  
The increased viscosity in all fluids is caused by a drop in water content due to the 
testing temperature of 40 ºC and the low amount of lubricant used during the TE88 
experiments. 
Tests performed in a pure nitrogen atmosphere does not perform any better or worse 
than tests performed in a regular atmosphere. 
This chapter will discuss these observation based on the literature provided in chapter 2. 
The main objective is to make sure that the noted observations are caused by different 
material performance, and not due to any external variation in testing conditions.  
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6.1 Coefficient of friction 
As illustrated in figure 5.3, the friction values from all the TE88 tests revealed a clear 
pattern on the different polymers tested against a counter-sliding steel surface with a 
surface roughness Ra= 0,30 µm. The TE88 tests using a polished steel surface did 
however not show such a high degree of difference between the different polymers 
used, as displayed in figure 5.1 and 5.2. 
The TE88 machine was last calibrated and examined for any need of maintenance in 
March 2014. It was concluded that there is no initial problems with the machine.  
Several of the TE88 tests performed using polished steel samples had to be discarded 
due the machines inability to generate a credible friction pattern. This was not a 
problem when using steel samples with a surface roughness Ra= 0,30 µm. The low 
friction values generated when the polymer was sliding against polished steel is most 
likely in the lower region of what the machine can handle. 
The conclusions regarding COF and wear rate between the polymers and steel surfaces 
that follows in this thesis will mainly be based on TE88 tests where the counter-sliding 
steel surface had a surface roughness Ra= 0,30 µm. 
Figure 5.3 also shows that the average COF from tests with UHMWPE material Z80 
and LubX C displays a slightly lower average COF for LubX C compared to Z80. This 
difference is not below the margin of error for the average COF set by the standard 
deviation. This thesis is therefore unable to conclude that the average COF is lower for 
LubX C compared to Z80 based on the TE88 friction graphs of figure 5.3. 
The average COF from the dry TE88 tests revealed a higher average COF, compared to 
similar lubricated tests displayed in figure 5.3. The average COF from dry testing was 
not magnitudes higher than the lubricated tests, suggesting that the lubricant might only 
generate mixed lubrication. If this is the case, it might be caused by the flat polymer pin 
structure, which might limit the fluid film thickness needed to fully separate the 
surfaces as described in chapter 2.5. This is strange since the measured COF values are 
so low, that one would only expect to find such values during hydrodynamic 
lubrication. 
Investigation of friction patterns shows a clear distinction between the pattern generated 
by PTFE (figure 5.6) and the patterns generated by the UHMWPE polymers (figure 5.4 
and 5.5). Even though Stachowiak & Batchelor (2000) reported that UHMWPE can 
transfer to the counter-sliding surface as lamellaes, illustrated in figure 2.16, it is not the 
case for Z80 and LubX C. The PTFE material seems to generate such lamellaes, and 
even though they help reduce the friction they do not protect the counter-sliding steel 
against abrasive wear particles. As the peaks of the steel are polished away and the 
PTFE polymer fills the valleys of the steel surface with polymer residue, the friction 
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decreases gradually. This results in the observed friction pattern that steadily declines 
during the whole six-hour TE88 test displayed in figure 5.6. 
As seen in figure 5.11, the TE88 test performed in a pure nitrogen atmosphere using 
fluid A generated a steeper gradient at the end of the first test. Further investigation of 
the collected data indicates that the reason for this is related to the water content of the 
fluid. Nitrogen test 1 in fluid A has a higher viscosity increase than test 3, and when 
looking at table A.13 in appendix A test 1 was also performed with a very low humidity 
(5,9 %) in the chamber. The low humidity in the surrounding atmosphere makes for 
better conditions for water evaporation. The increase in COF at the second half of TE88 
tests performed with fluid A is by all indication a result of the high viscosity increase 
that takes place during testing.   
6.2 Surface investigation 
Difference in surface texture of Z80 and LubX C prior to testing displayed in figure 
5.12 and 5.13, is probably a result of different machining to shape the polymers into the 
desired geometry.  
No significant difference could be found between wear rates of Z80 in fluid H and fluid 
X, and the same goes for the difference between the wear rates of LubX C in fluid H 
and fluid X. The only exception was the Ra 0,30 images of LubX C in Fluid X, that 
displayed a lower amount of polymer debris on the steel surface, compared to LubX C 
in fluid H. LubX C in fluid X was the only steel sample that was washed in an 
ultrasonic bath after the TE88 test. Some of the polymer debris was observed lost during 
this cleaning, and difference can therefore not be concluded to come from any improved 
properties of fluid X compared to fluid H.  
Further comparison of the pin wear of Z80 and LubX C, there is an indication from the 
surface investigation images that Z80 leaves more polymer debris on the steel surface, 
as seen in figure 5.20 and 5.23. The 3D images of the polymer pins also indicates that 
Z80 suffers more material loss than LubX C does. This claim comes from comparing 
the two polymers properties in fluid H and fluid X. Figure 5.18 and 5.21 are examples 
that represents this comparison. 
The amount of polymer transfer seems different depending on what fluid is used. LubX 
C has a lower amount of polymer lost when fluid H or fluid X is used, compared to Z80. 
From testes performed with fluid C, the amount of polymer debris from LubX C to the 
steel surface was similar to Z80 polymer transfer in fluid H and fluid X, suggesting that 
fluid H and fluid X separates the sliding surfaces better than fluid C. 
Figure 5.28 and 5.29 displays the wear surfaces from the performed dry tests. The fact 
that the dry tests showed a low amount of polymer debris on the steel surface indicates 
that lubricants generates a fluid film between the sliding surfaces throughout the TE88 
tests. As mentioned earlier, this might only be in the mixed lubrication area since the 
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COF is not magnitudes higher during dry testing. The amount of polymer debris on the 
steel surface during lubricated tests also suggests some contact, but it is difficult to 
prove any additional polymer transfer to the steel after the run in period.      
6.3 Viscosity analysis and examination of water content 
Kinematic viscosity is calculated using the fluid density. The fluid density was given by 
the fluids data sheet. As water evaporated from the fluid during testing, there is a small 
error since the density used to calculate the kinematic viscosity was taken from the data 
sheet. The true density of the investigated TE88 tested fluids probably deviated from the 
density of the fresh fluid. 
The difference in kinematic viscosity between fluid H and fluid X is very low. When 
the dynamic viscosities of fluid H and fluid X are compared, the difference is even 
smaller than the difference between the fluid’s kinematic viscosities. The small 
difference in viscosity between fluid H and fluid X is therefore mainly caused by the 
difference in density. 
Fluid H and fluid X behaves very similar in terms of viscosity and wear performance. 
The only noticeable difference was the transmission spectrum from FTIR investigation 
of fresh fluids displayed in figure 3.1 and a small difference in fresh fluid water content 
from Karl Fischer titration displayed in figure 5.30.  
The viscosity increase all fluids suffers during TE88 testing is caused by the drop in 
water content. This is the main conclusion from the Karl Fischer titration and the heat-
treated samples displayed in table 5.9, and it is supported by FTIR investigation 
performed on TE88 tested samples by SINTEF.  
Fluid A causes more wear than fluid H and fluid X. All tests performed with fluid A 
revealed a huge increase in viscosity during tests. This reduces fluid A’s ability to re-
wet the surface after each stroke, and results in increased wear. The huge increase in 
viscosity is caused by water evaporation and the fact that the chamber only holds 20 mL 
of fluid.  Fluid H and fluid X performs better in the TE88 test setup as they have a more 
stable viscosity in these testing conditions compare to fluid A. This does not prove that 
fluid H and fluid X is better than fluid A under full-scale operation in the N-line riser 
tensioning system.  
NOV have also reported a problem with a black iron rich residue that accumulates 
inside the hydraulic system when fluid A is used. It is believed that this residue is a 
result of corrosion of the outer cylinder, which is made out of carbon steel. In order to 
test this claim, a carbon steel sample was left in a beaker filled with fluid A and heated 
to 70 ºC for ten hours. The carbon steel did not corrode at all during this test, so this 
thesis cannot conclude with anything regarding the problem with black residue. Fluid X 
is supposedly more resistant towards black residue, but to in order to confirm this, it is 
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suggested to perform an experiment where carbon steel is polarized in fluid A and fluid 
X to force corrosion products into the lubricants. 
As seen in the viscosity table 5.10, which displays the viscosity of TE88 tests handed 
over for Karl Fischer titration, fluid A test 2 is listed and there is no test 1. Fluid A test 1 
showed no drop in water content, and the only probable explanation for this is that it 
was caused by human error. Test 1 was therefore removed from table 5.10, as well as 
figure 5.30.   
6.4 ICP results 
The ICP results from table 5.12 revealed a clear distinction in additive compounds 
between fluid C and fluid A. The high content of molybdenum and sulfur in fluid C 
indicates that it relies on organomolybdenum compounds to reduce the system’s 
friction. Fluid A contains a much lower concentration of both sulfur and molybdenum, 
suggesting the use of other organic friction modifiers such as amines or amides. 
The nominal contact pressure between the polymer pin and the steel surface is 
approximately 12 MPa during TE88 testing. Since organomolybdenum compounds 
require a certain amount of pressure to form MoS2, the nominal contact pressure might 
not be sufficient to generate the friction modifying compounds that fluid C relies on. 
Since these compounds are presumably not generated, the result is increased wear from 
fluid C tests. This is why the ICP results in table 5.13 reveals a higher amount of iron 
from fluid C tests compared to fluid A tests.  
The organic compounds found in fluid A rely on van der Waals’ interactions to help 
separate the sliding surfaces as explained in chapter 2.9.3. Since these additives do not 
require any particular system pressure, they are considered more effective in decreasing 
wear during TE88 testing. Exactly which organic compounds fluid A consists of is still 
unclear and further reversed engineering from different spectroscopy techniques is 
required in order to know for sure.  
6.5 Nitrogen tests 
The TE88 tests conducted in a pure nitrogen atmosphere revealed no significant 
difference by comparison to viscosity and wear rate from normal TE88 tests.  
One of the main reasons why the nitrogen tests were performed was to investigate and 
compare surfaces with X-ray photoelectron spectroscopy (XPS). Unfortunately, the 
XPS equipment broke down and extensive repairs were required. Because of this, no 
XPS analysis was conducted, and the thesis cannot conclude if a pure nitrogen 
atmosphere reduces the degradation of the different oils. 
In theory, removing the oxygen from the cylinders would contribute to some positive 
effects like reducing any oxidation processes in both the lubricant and the surrounding 
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steel. Removing oxygen from the system also reduces the risk of fire, and enables the 
use of a more flammable lubricant with better properties.   
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7.  CONCLUSIONS 
 
Based on the collected data from the TE88 studies performed during this thesis, as well 
as comparison to results from Tyrhaug (2013) and data from the specialization study the 
following conclusions regarding the polymers can be made:  
• The PTFE polymer M04 provides the lowest COF, but it generates a high wear 
rate to both the polymer and steel surface. 
• The UHMWPE materials Z80 and LubX C have a better performance in all 
lubricants compared to M04. 
• Z80 generates more polymer debris to the steel counter-sliding surface compared 
to LubX C in the new lubricants H and X.  
Based on wear rate to both the polymer and steel surface, LubX C is the best performing 
polymer, followed by Z80 at second place. M04 shows a high amount of wear to both 
the polymer pin and the steel surface and is not deemed fit for use in the N-line riser 
tensioning system. 
Further inspection of the lubricants used during TE88 testing led to the following 
conclusions:  
• Fluid C tests generates the highest amount of system wear. 
• Fluid A shows moderate system wear, and a high increase in fluid viscosity. 
• Fluid H and X generates the lowest system wear rates. The conducted tests are 
unable to find any difference in performance between fluid H and fluid X. 
Fluid H and fluid X have the overall best performance, and since the conducted 
inspection techniques cannot find any difference in performance, they have been found 
equally good. The second best performing lubricant is fluid A, and fluid C is the least 
effective lubricant tested.  
The increased viscosity in all fluids is mainly caused by a drop in water content due to 
the testing temperature of 40 ºC and the low amount of lubricant used during TE88 
testing. 
Tests performed in a pure nitrogen atmosphere does not perform any better or worse 
than tests performed in a regular atmosphere in terms of COF, wear rate and viscosity 
change. 
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8.  RECOMMENDATIONS FOR FURTHER WORK 
 
The N-line riser tensioning system consists of sealants with rounded edges to ensure the 
formation of a stable hydrodynamic fluid film between the sliding surfaces. The TE88 
tests are performed using flat on flat contact, making it harder to generate this stable 
fluid film. Since the COF measured during TE88 testing is so low, it is suspected that 
the system operates in the hydrodynamic lubrication regime. To make sure of this, it is 
suggested that a series of TE88 tests are carried out using a pin geometry more similar 
to that used in the full-scale system. These tests should be performed under the same 
conditions using the same oils and polymers, in order for the results to be comparable.  
The viscosity increase in the lubricant during TE88 testing has been proven to be caused 
by water evaporation. While discussing the TE88 machine setup with PhD candidate 
Szymon Bernat, he suggested adding an oil reservoir to the machine that would 
circulate the fluid in the sample chamber. This would greatly improve the machines 
ability to mimic the conditions of the N-line riser tensioning system. 
In order to investigate how the different fluids behave concerning the generation of 
black residue, it is suggested to perform potentiostatic experiments using carbon steel. 
Forcing carbon steel to corrode in the different lubricants should generate black residue, 
and it would be possible to see if the amount differs between the different lubricants. 
The spectroscopy experiments performed in this thesis have helped establish some basic 
differences between the additives used in the different fluids. Further spectroscopy 
analysis is suggested in order to find the additive composition of each fluid. This would 
make it easier to explain why each fluid behaves differently.  
Further testing of the lubricant samples from TE88 tests performed in a pure nitrogen 
atmosphere is needed in order to find out how removal of oxygen affects the 
degradation mechanisms in the oil.    
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I 
APPENDIX A – ADDITIONAL DATA FROM THE CONDUCTED 
TE88 TESTS 
 
Table A.1 displays additional information from the TE88 tests where LubX C and fluid H 
were used. Table A.2 gives information regarding the surface roughness measurements from 
the surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.1: Additional information from the TE88 tests with LubX C and fluid H. 
Fluid H Additional data from TE88 tests  
LubX C SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 1 65,57 65,57 0,703 0,704 601 596 22,3 ˚C 21,7% 
 Test 2 64,68 64,68 0,709 0,710 601 596 23,0 ˚C 20,5 % 
Ra = 0,30          
 Test 1 66,10 66,10 0,712 0,712 601 572 22,7 ˚C 30,4 % 
 Test 2 66,10 66,10 0,711 0,710 601 573 24,1 ˚C 25,3 % 
 
Table A.2: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 
Table A.3 displays additional information from the TE88 tests where Z80 and fluid H were 
used. Table A.4 gives information regarding the surface roughness measurements from the 
surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.3: Additional information from the TE88 tests with Z80 and fluid H. 
Fluid H Additional data from TE88 tests  
Z80 SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 1 67,30 67,30 0,696 0,696 601 582 22,5 ˚C 26,1 % 
 Test 2 67,30 67,30 0,697 0,697 601 585 21,5 ˚C 43,3 % 
Ra = 0,30          
 Test 1 65,58 65,58 0,697 0,696 601 571 23,1 ˚C 27,1 % 
 Test 2 65,58 65,58 0,696 0,696 601 576 24,0 ˚C 30,0 % 
 Test 1 Test 2 
Measurement 1 0,29 0,29 
Measurement 2 0,36 0,36 
Measurement 3 0,27 0,27 
Measurement 4 0,33 0,33 
Measurement 5 0,29 0,29 
Measurement 6 0,27 0,27 
Average [µm] 0,3016 0,3016 
 
 
II 
 
Table A.4: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 
 
Table A.5 displays additional information from the TE88 tests where M04 and fluid H were 
used. Table A.6 gives information regarding the surface roughness measurements from the 
surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.5: Additional information from the TE88 tests with M04 and fluid H. 
 
Table A.6: Measured values for the Ra = 0,30 µm sample   
 Test 1 Test 2 
Measurement 1 0,27 0,27 
Measurement 2 0,28 0,28 
Measurement 3 0,32 0,32 
Measurement 4 0,27 0,27 
Measurement 5 0,30 0,30 
Measurement 6 0,30 0,30 
Average [µm] 0,290 0,290 
Fluid H Additional data from TE88 tests  
M04 SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 1 65,89 65,89 1,600 1,600 603 590 21,5 ˚C 34,9 % 
 Test 2 65,89 65,89 1,601 1,601 602 595 23,9 ˚C 29,9 % 
Ra = 0,30          
 Test 1 67,19 67,19 1,601 1,600 602 572 22,9 ˚C 31,0 % 
 Test 2 67,19 67,19 1,601 1,599 603 577 24,3 ˚C 31,2 % 
 Test 1 Test 2 
Measurement 1 0,34 0,34 
Measurement 2 0,33 0,33 
Measurement 3 0,33 0,33 
Measurement 4 0,25 0,25 
Measurement 5 0,27 0,27 
Measurement 6 0,28 0,28 
Average [µm] 0,300 0,300 
 
 
III 
Table A.7 displays additional information from the TE88 tests where LubX C and fluid X 
were used. Table A.8 gives information regarding the surface roughness measurements from 
the surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.7: Additional information from the TE88 tests with LubX C and fluid X. 
 
Table A.8: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 
 
Table A.9 displays additional information from the TE88 tests where Z80 and fluid X were 
used. Table A.10 gives information regarding the surface roughness measurements from the 
surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.9: Additional information from the TE88 tests with Z80 and fluid H. 
 
Fluid X Additional data from TE88 tests  
LubX C SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 2 66,26 66,26 0,710 0,711 602 596 21,7 ˚C 24,2 % 
 Test 3 66,26 66,26 0,708 0,710 601 589 23,9 ˚C 21,1 % 
 Test 4 66,58 66,58 0,708 0,710 601 598 21,9 ˚C 23,4 % 
Ra = 0,30          
 Test 1 67,94 67,94 0,699 0,698 601 599 22,3  ˚C 18,1 % 
 Test 2 67,94 67,94 0,702 0,702 599 601 22,3  ˚C 25,7 % 
 Test 1 Test 2 
Measurement 1 0,28 0,28 
Measurement 2 0,30 0,30 
Measurement 3 0,29 0,39 
Measurement 4 0,26 0,26 
Measurement 5 0,30 0,30 
Measurement 6 0,31 0,31 
Average [µm] 0,290 0,290 
Fluid X Additional data from TE88 tests  
Z80 SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 1 67,30 67,30 0,696 0,696 598 583 21,6 ˚C 19,7 % 
 Test 2 67,30 67,30 0,697 0,697 601 578 22,7 ˚C 19,5 % 
Ra = 0,30          
 Test 1 65,58 65,58 0,697 0,696 603 571 21,5 ˚C 13,3 % 
 Test 2 65,58 65,58 0,696 0,696 602 563 22,9 ˚C 17,2 % 
 
 
IV 
Table A.10: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 
 
Table A.11 displays additional information from the TE88 tests where M04 and fluid X were 
used. Table A.12 gives information regarding the surface roughness measurements from the 
surface preparation of the Ra = 0,30 µm sample used in these tests. 
Table A.11: Additional information from the TE88 tests with M04 and fluid X. 
 
Table A.12: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 
 
Table A.13 displays additional information from the TE88 tests performed in a pure nitrogen 
atmosphere where LubX C polymer pins were tested against the different fluids on a SDSS 
with a surface roughness Ra= 0,30µm.  Table A.14 and A.15 gives information regarding the 
surface roughness measurements from the surface preparation of the Ra = 0,30 µm samples 
used in these tests. 
 Test 1 Test 2 
Measurement 1 0,28 0,28 
Measurement 2 0,29 0,29 
Measurement 3 0,32 0,32 
Measurement 4 0,29 0,29 
Measurement 5 0,28 0,28 
Measurement 6 0,31 0,31 
Average [µm] 0,295 0,295 
Fluid X Additional data from TE88 tests  
M04 SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Polished          
 Test 1 67,66 67,66 1,601 1,601 602 585 21,6 ˚C 23,8 % 
 Test 2 67,66 67,66 1,601 1,600 602 577 23,0 ˚C 24,3 % 
Ra = 0,30          
 Test 1 67,10 67,10 1,602 1,599 603 575 24,2 ˚C 24,1 % 
 Test 2 67,10 67,10 1,602 1,599 602 569 23,2 ˚C 22,8 % 
 Test 1 Test 2 
Measurement 1 0,29 0,29 
Measurement 2 0,29 0,29 
Measurement 3 0,30 0,30 
Measurement 4 0,32 0,32 
Measurement 5 0,31 0,31 
Measurement 6 0,33 0,33 
Average [µm] 0,307 0,307 
 
 
V 
Table A.13: Additional information from the TE88 tests performed in a pure nitrogen atmosphere.  
Nitrogen  Additional data from TE88 tests  
LubX C 
Ra=0,30 
SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
 Before After Before After Initial Average Temperature Humidity 
         
Fluid A         
 Test 1 67,73 67,73 0,714 0,714 602 565 23,2 ˚C 5,9 % 
 Test 3 67,73 67,73 0,714 0,714 601 560 23,1 ˚C 13,4 % 
Fluid C         
 Test 1 66,10 66,11 0,710 0,709 603 576 23,3 ˚C 10,2 % 
 Test 2 66,11 66,10 0,707 0,707 601 588 22,7 ˚C 10,3 % 
Fluid H         
 Test 1 67,20 67,21 0,711 0,710 601 576 22,7 ˚C 6,0 % 
 Test 2 67,21 67,20 0,712 0,711 602 584 22,5 ˚C 10,1 % 
Fluid X         
 Test 1 67,22 67,22 0,711 0,710 601 578 23,0 ˚C 5,7 % 
 Test 2 67,22 67,22 0,711 0,711 602 576 23,6 ˚C 5,9 % 
 
Table A.14: Measured values for the Ra = 0,30 µm samples 
 
 
 
 
 
 
Table A.15: Measured values for the Ra = 0,30 µm samples 
 
 
 
 
 
 
 
 Fluid A 
Test 1 
Fluid A 
Test 3 
Fluid C 
Test 1 
Fluid C 
Test 2 
Measurement 1 0,32 0,32 0,33 0,33 
Measurement 2 0,29 0,29 0,31 0,31 
Measurement 3 0,28 0,28 0,34 0,34 
Measurement 4 0,32 0,32 0,29 0,29 
Measurement 5 0,31 0,31 0,28 0,28 
Measurement 6 0,28 0,28 0,28 0,28 
Average [µm] 0,300 0,300 0,305 0,305 
 Fluid H 
Test 1 
Fluid H 
Test 2 
Fluid X 
Test 1 
Fluid X 
Test 2 
Measurement 1 0,31 0,31 0,29 0,29 
Measurement 2 0,33 0,33 0,27 0,27 
Measurement 3 0,28 0,28 0,28 0,28 
Measurement 4 0,29 0,29 0,32 0,32 
Measurement 5 0,29 0,29 0,32 0,32 
Measurement 6 0,31 0,31 0,34 0,34 
Average [µm] 0,302 0,302 0,303 0,303 
 
 
VI 
Table A.16 displays additional information from the TE88 tests that had their water content 
examined after the TE88 testing. These tests were performed using LubX C polymer pins on a 
polished SDSS surfaces.  
Table A.16: Additional information from the TE88 tests where water content was measured subsequently. 
Titrated  Additional data from TE88 tests  
LubX C 
Polished 
SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
 Before After Before After Initial Average Temperature Humidity 
 
Fluid A 
        
 Test 1 66,58 66,58 0,711 0,712 602 592 22,9 ˚C 25,9 % 
 Test 2 66,58 66,58 0,696 0,696 601 598 21,8 ˚C 27,0 % 
Fluid C         
 Test 1 64,68 64,68 0,712 0,712 601 591 23,0 ˚C 20,5 % 
Fluid H         
 Test 1 64,68 64,68 0,709 0,710 601 596 23,0 ˚C 20,5 % 
Fluid X         
 Test 1 66,58 66,58 0,708 0,710 601 598 21,9 ˚C 23,4 % 
 
Table A.17 displays additional information from the TE88 tests performed using a steel 
sample with a surface roughness Ra = 0,30 µm, and LubX C polymer pins. These were dry 
tests conducted with no lubricant in the sample chamber, and the exact surface roughness is 
displayed in table A.18 
Table A.17: Additional information from the dry TE88 tests with LubX C. 
Dry tests Additional data from TE88 tests  
LubX C SDSS weight 
[g] 
Polymer pin 
weight [g] 
Load [N] Ambient 
  Before After Before After Initial Average Temperature Humidity 
Ra = 0,30          
 Test 1 67,15 67,15 0,711 0,710 602 586 22,4 ˚C 26,4 % 
 Test 2 67,15 67,15 0,712 0,712 601 577 22,6 ˚C 21,1 % 
 
Table A.18: Measured values for the Ra = 0,30 µm sample 
 
 
 
 
 Test 1 Test 2 
Measurement 1 0,34 0,34 
Measurement 2 0,28 0,28 
Measurement 3 0,29 0,29 
Measurement 4 0,30 0,30 
Measurement 5 0,29 0,29 
Measurement 6 0,28 0,28 
Average [µm] 0,2967 0,2967 
 
 
VII 
APPENDIX B -  COEFFICIENT OF FRICTION FROM TE88 TESTS 
Figure B.1 displays the COF of the mid stroke region from the six hour TE88 tests using 
LubX C and fluid H on a polished steel surface. Figure B.2 displays COF of the mid stroke 
region using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
 
Figure B.1: TE88 test results from rubbing a LubX C polymer against a polished steel surface in fluid H. 
 
Figure B.2: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in fluid H. 
 
 
VIII 
Figure B.3 displays the COF of the mid stroke region from the six hour TE88 tests using Z80 
and fluid H on a polished steel surface. Figure B.4 displays COF of the mid stroke region 
using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
 
Figure B.3: TE88 test results from rubbing a Z80 polymer against a polished steel surface in fluid H. 
 
 
Figure B.4: TE88 test results from rubbing a Z80 polymer against a steel surface with Ra=0,30µm in fluid H. 
 
 
IX 
Figure B.5 displays the COF of the mid stroke region from the six hour TE88 tests using M04 
and fluid H on a polished steel surface. Figure B.6 displays COF of the mid stroke region 
using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
 
Figure B.5: TE88 test results from rubbing a M04 polymer against a polished steel surface in fluid H. 
 
 
Figure B.6: TE88 test results from rubbing a M04 polymer against a steel surface with Ra=0,30µm in fluid H. 
 
 
X 
Figure B.7 displays the COF of the mid stroke region from the six hour TE88 tests using 
LubX C and fluid X on a polished steel surface. Figure B.8 displays COF of the mid stroke 
region using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
 
Figure B.7: TE88 test results from rubbing a LubX C polymer against a polished steel surface in fluid X. 
 
Figure B.8: TE88 test results from rubbing a LubX C polymer against a steel surface with Ra=0,30µm in fluid X. 
  
 
 
XI 
Figure B.9 displays the COF of the mid stroke region from the six hour TE88 tests using Z80 
and fluid X on a polished steel surface. Figure B.10 displays COF of the mid stroke region 
using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
	  
Figure B.9: TE88 test results from rubbing a Z80 polymer against a polished steel surface in fluid X.
Figure B.10: TE88 test results from rubbing a Z80 polymer against a steel surface with Ra=0,30µm in fluid X. 
  
 
 
XII 
Figure B.11 displays the COF of the mid stroke region from the six hour TE88 tests using Z80 
and fluid X on a polished steel surface. Figure B.12 displays COF of the mid stroke region 
using the same polymer and lubricant, but with a surface roughness Ra = 0,30 µm.  
 
Figure B.11: TE88 test results from rubbing a M04 polymer against a polished steel surface in fluid X. 
 
Figure B.12: TE88 test results from rubbing a M04 polymer against a steel surface with Ra=0,30µm in fluid X. 
  
 
 
XIII 
The following figures contain COF data from six hour TE88 tests in a controlled nitrogen 
atmosphere. These tests were conducted with LubX C polymer pins on steel surfaces with a 
surface roughness of Ra = 0,30 µm. Figure B.13 shows COF from the nitrogen TE88 test 
using fluid A, B.14 using fluid C, B.15 with fluid H and B.16 from nitrogen tests with fluid X. 
 
Figure B.13: COF from the TE88 tests with fluid A in a nitrogen atmosphere. 
 
Figure B.14: COF from the TE88 tests with fluid C in a nitrogen atmosphere. 
 
 
 
XIV 
 
Figure B.15: COF from the TE88 tests with fluid H in a nitrogen atmosphere.	  
	  
	  
Figure B.16: COF from the TE88 tests with fluid X in a nitrogen atmosphere.	  
	  
	   	  
 
 
XV 
In order to check the water content of the different lubricants after TE88 testing, a series of 
tests were conducted using LubX C against a polished steel surface. The oils from these tests 
were further investigated with Karl Fischer titration. The following figures show the COF 
from these six hour TE88 tests. Figure B.17 is from tests with fluid A, B.18 from fluid C, 
B.19 with fluid H and B.20 in fluid X. 
 
Figure B.17: COF from the TE88 tests used to investigate water content of fluid A. 
 
Figure B.18: COF from the TE88 test used to investigate water content of fluid C. 
 
 
XVI 
 
Figure B.19: COF from the TE88 test used to investigate water content of fluid H. 
 
	  
Figure B.20: COF from the TE88 test used to investigate water content of fluid X. 
  
 
 
XVII 
The coefficient of friction was also measured with dry tests in the TE88 test machine where a 
LubX C polymer pin was rubbed against a SDSS steel with a surface roughness of Ra= 0,30 
µm. The steel was heated to 40 ˚C, and the mid stroke COF is displayed in figure B.21.Notice 
that the y-axis is 0,06 which is double the amount from the rest of the COF tests. 
 
Figure B.21: COF from the two TE88 tests where LubX C was rubbed against the SDSS steel without any 
lubricant present.  	  
 
 
XVIII 
APPENDIX C -  SURFACE INVESTIGATION IMAGES 
 
Figure C.1, C.2 and C.3 displays SEM images of fresh polymer pins made from LubX C, Z80 
and M04 respectively. 
 
Figure C.1: SEM image of a fresh LubX C pin. 
 
 
Figure C.2: SEM image of a fresh Z80 pin. 
 
 
Figure C.3: SEM image of a fresh M04 pin.
 
 
XIX 
Figure C.4 shows a surface image of fresh polymer pin made from LubX C, and figure C.5 
displays an image of the surface topography scale used in the 3D images. These images are 
made for all the polymer pins used in the TE88 experiments. A set of images are made prior 
to testing, and one after each test. This way the different amounts of wear to the polymer pins 
can be compared.  
 
Figure C.4: IFM images of a fresh LubX C polymer pin surface 
 
 
 
 
 
Figure C.5: Surface roughness scale used for 3D images. Peaks with the height of 45 microns are displayed in 
orange, valleys with a depth of -65 microns are displayed in dark red. 
 
 
XX 
Figure C.6 and C.7 displays IFM images from the first TE88 test with a LubX C polymer pin 
rubbed against a polished steel sample in fluid H. 
 
Figure C.6: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid H. 
 
Figure C.7: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid H. 
  
 
 
XXI 
Figure C.8 and C.9 displays IFM images from the second TE88 test with a LubX C polymer 
pin rubbed against a polished steel sample in fluid H. 
 
Figure C.8: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid H. 
 
Figure C.9: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid H.  
 
 
XXII 
Figure C.10 and C.11 displays IFM images from the first TE88 test with LubX C rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm, in fluid H. Figure C.12 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.10: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H. 
 
Figure C.11: IFM images of SDSS sample after TE88 testing with LubX C and fluid H. 
  
 
 
XXIII 
 
Figure C.12: SEM images of SDSS sample after TE88 testing with LubX C and fluid H. 
Figure C.13 and C.14 displays IFM images from the second TE88 test with LubX C rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm in fluid H. Figure C.15 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.13: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H. 
 
 
XXIV 
 
Figure C.14: IFM images of SDSS sample after TE88 testing with LubX C in fluid H, and SEM images of the 
LubX C pin after TE88 testing. 
 
Figure C.15: SEM images of SDSS sample after TE88 testing with LubX C and fluid H. 
 
 
XXV 
Figure C.16 and C.17 displays IFM images from the first TE88 test with a Z80 polymer pin 
rubbed against a polished steel sample in fluid H. 
 
Figure C.16: IFM images of Z80 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid H. 
 
 
Figure C.17: IFM images of polished SDSS sample after TE88 testing with Z80 and fluid H. 
 
  
 
 
XXVI 
Figure C.18 and C.19 displays IFM images from the second TE88 test with a Z80 polymer pin 
rubbed against a polished steel sample in fluid H. 
 
Figure C.18: IFM images of Z80 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid H. 
 
 
Figure C.19: IFM images of polished SDSS sample after TE88 testing with Z80 and fluid H. 
  
 
 
XXVII 
Figure C.20 and C.21 displays IFM images from the first TE88 test with Z80 rubbed against a 
steel sample with a surface roughness Ra = 0,30 µm, in fluid H. Figure C.22 shows SEM 
images from the mid stroke region of the same SDSS sample. 
 
Figure C.20: IFM images of Z80 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H. 
 
Figure C.21: IFM images of SDSS sample after TE88 testing with Z80 in fluid H, and SEM images of the Z80 
pin after TE88 testing. 
 
 
XXVIII 
 
Figure C.22: SEM images of SDSS sample after TE88 testing with Z80 and fluid H. 
Figure C.23 and C.24 displays IFM images from the second TE88 test with Z80 rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm, in fluid H. Figure C.25 shows 
SEM images from the mid stroke region of the same SDSS sample. 
	  
Figure C.23: IFM images of Z80 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H.
 
 
XXIX 
	  
Figure C.24: IFM images of SDSS sample after TE88 testing with Z80 and fluid H.	  
 
	  
Figure C.25: SEM images of SDSS sample after TE88 testing with Z80 and fluid H.	  
 
 
XXX 
Figure C.26 and C.27 displays IFM images from the first TE88 test with a M04 polymer pin 
rubbed against a polished steel sample in fluid H. 
 
Figure C.26: IFM images of M04 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid H. 
 
Figure C.27: IFM images of polished SDSS sample after TE88 testing with M04 and fluid H. 
	  
	  
	  
 
 
XXXI 
Figure C.28 and C.29 displays IFM images from the second TE88 test with a M04 polymer 
pin rubbed against a polished steel sample in fluid H. 
 
Figure C.28: IFM images of M04 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid H. 
 
Figure C.29: IFM images of polished SDSS sample after TE88 testing with M04 and fluid H. 
  
 
 
XXXII 
Figure C.30 and C.31 displays IFM images from the first TE88 test with M04 rubbed against 
a steel sample with a surface roughness Ra = 0,30 µm, in fluid H. Figure C.32 shows SEM 
images from the mid stroke region of the same SDSS sample. 
 
Figure C.30: IFM images of M04 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H. 
 
 
Figure C.31: IFM images of SDSS sample after TE88 testing with M04 and fluid H. 
 
 
XXXIII 
 
Figure C.32: SEM images of SDSS sample after TE88 testing with M04 and fluid H. 
Figure C.33 and C.34 displays IFM images from the second TE88 test with M04 rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm, in fluid H. Figure C.35 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.33: IFM images of M04 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid H. 
 
 
XXXIV 
 
Figure C.34: IFM images of SDSS sample after TE88 testing with M04 in fluid H, and SEM images of the M04 
pin after TE88 testing. 
 
Figure C.35: SEM images of SDSS sample after TE88 testing with M04 and fluid H. 
 
 
XXXV 
Figure C.36 and C.37 displays IFM images from the first TE88 test with a LubX C polymer 
pin rubbed against a polished steel sample in fluid X. 
 
Figure C.36: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid X. 
 
 
Figure C.37: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid X. 
 
 
XXXVI 
Figure C.38 and C.39 displays IFM images from the second TE88 test with a LubX C 
polymer pin rubbed against a polished steel sample in fluid X. 
 
Figure C.38: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid X. 
 
 
Figure C.39: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid X. 
 
 
XXXVII 
Figure C.40 and C.41 displays IFM images from the third TE88 test with a LubX C polymer 
pin rubbed against a polished steel sample in fluid X. 
 
Figure C.40: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid X. 
 
 
Figure C.41: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid X. 
  
 
 
XXXVIII 
Figure C.42 and C.43 displays IFM images from the fourth TE88 test with a LubX C polymer 
pin rubbed against a polished steel sample in fluid X. 
 
Figure C.42: IFM images of LubX C pin prior to, and after TE88 testing against a polished SDSS-surface in    
fluid X. 
 
Figure C.43: IFM images of polished SDSS sample after TE88 testing with LubX C and fluid X. 
  
 
 
XXXIX 
Figure C.44 and C.45 displays IFM images from the first TE88 test with LubX C rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm, in fluid X. Figure C.46 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.44: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
Figure C.45: IFM images of SDSS sample after TE88 testing with LubX C in fluid X, and SEM images of the 
LubX C pin after TE88 testing. 
 
 
XL 
 
Figure C.46: SEM images of SDSS sample after TE88 testing with LubX C and fluid X. 
Figure C.47 and C.48 displays IFM images from the second TE88 test with LubX C rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm in fluid X. Figure C.49 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.47: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
 
XLI 
 
Figure C.48: IFM images of SDSS sample after TE88 testing with LubX C and fluid X. 
 
 
Figure C.49: SEM images of SDSS sample after TE88 testing with LubX C and fluid X. 
  
 
 
XLII 
Figure C.50 and C.51 displays IFM images from the first TE88 test with a Z80 polymer pin 
rubbed against a polished steel sample in fluid X. 
 
Figure C.50: IFM images of Z80 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid X. 
 
Figure C.51: IFM images of polished SDSS sample after TE88 testing with Z80 and fluid X. 
 
 
XLIII 
Figure C.52 and C.53 displays IFM images from the second TE88 test with a Z80 polymer pin 
rubbed against a polished steel sample in fluid X. 
 
Figure C.52: IFM images of Z80 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid X. 
 
Figure C.53: IFM images of polished SDSS sample after TE88 testing with Z80 and fluid X. 
  
 
 
XLIV 
Figure C.54 and C.55 displays IFM images from the first TE88 test with Z80 rubbed against a 
steel sample with a surface roughness Ra = 0,30 µm in fluid X. Figure C.56 shows SEM 
images from the mid stroke region of the same SDSS sample. 
 
Figure C.54: IFM images of Z80 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
Figure C.55: IFM images of SDSS sample after TE88 testing with Z80 in fluid X, and SEM images of the Z80 
pin after TE88 testing. 
 
 
XLV 
 
Figure C.56: SEM images of SDSS sample after TE88 testing with Z80 and fluid X. 
Figure C.57 and C.58 displays IFM images from the second TE88 test with Z80 rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm in fluid X. Figure C.59 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.57: IFM images of Z80 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
 
XLVI 
 
Figure C.58: IFM images of SDSS sample after TE88 testing with Z80 and fluid X. 
 
 
Figure C.59: SEM images of SDSS sample after TE88 testing with Z80 and fluid X. 
  
 
 
XLVII 
Figure C.60 and C.61 displays IFM images from the first TE88 test with a M04 polymer pin 
rubbed against a polished steel sample in fluid X. 
 
Figure C.60: IFM images of M04 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid X. 
 
 
Figure C.61: IFM images of polished SDSS sample after TE88 testing with M04 and fluid X. 
  
 
 
XLVIII 
Figure C.62 and C.63 displays IFM images from the second TE88 test with a M04 polymer 
pin rubbed against a polished steel sample in fluid X. 
 
Figure C.62: IFM images of M04 pin prior to, and after TE88 testing against a polished SDSS-surface in fluid X. 
 
 
Figure C.63: IFM images of polished SDSS sample after TE88 testing with M04 and fluid X. 
  
 
 
XLIX 
Figure C.64 and C.65 displays IFM images from the first TE88 test with M04 rubbed against 
a steel sample with a surface roughness Ra = 0,30 µm, in fluid X. Figure C.66 shows SEM 
images from the mid stroke region of the same SDSS sample. 
 
Figure C.64: IFM images of M04 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
Figure C.65: IFM images of SDSS sample after TE88 testing with M04 and fluid X. 
 
 
L 
 
Figure C.66: SEM images of SDSS sample after TE88 testing with M04 and fluid X. 
Figure C.67 and C.68 displays IFM images from the second TE88 test with M04 rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm, in fluid X. Figure C.69 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.67: IFM images of M04 pin prior to, and after TE88 testing against a SDSS-sample with a surface 
roughness Ra = 0,30 µm in fluid X. 
 
 
LI 
 
Figure C.68: IFM images of SDSS sample after TE88 testing with M04 in fluid X, and SEM images of the M04 
pin after TE88 testing. 
 
Figure C.69: SEM images of SDSS sample after TE88 testing with M04 and fluid X. 
 
 
LII 
Figure C.70 and C.71 displays IFM images from the first TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
A. Figure C.72 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.70: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid A. 
‘  
Figure C.71: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
 
 
LIII 
 
Figure C.72: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
Figure C.73 and C.74displays IFM images from the second TE88 test in a nitrogen 
atmosphere with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 
µm, in fluid A. This test was stopped after four hours due to a lack of nitrogen. Figure C.75 
shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.73: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid A. 
 
 
LIV 
 
Figure C.74: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
 
 
Figure C.75: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
  
 
 
LV 
Figure C.76 and C.77 displays IFM images from the third TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
A. Figure C.78 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.76: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid A.
 
Figure C.77: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A, and SEM 
images of the LubX C pin after TE88 testing. 
 
 
LVI 
 
Figure C.78: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
Figure C.79 and C.80 displays IFM images from the first TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
C. Figure C.81 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.79: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid C. 
 
 
LVII 
 
Figure C.80: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid C, and SEM 
images of the LubX C pin after TE88 testing. 
 
Figure C.81: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid C. 
 
 
LVIII 
Figure C.82 and C.83 displays IFM images from the second TE88 test in a nitrogen 
atmosphere with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 
µm, in fluid C. Figure C.84 shows SEM images from the mid stroke region of the same SDSS 
sample. 
 
Figure C.82: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid C. 
 
 
Figure C.83: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid A. 
 
 
LIX 
 
Figure C.84: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid C. 
Figure C.85 and C.86 displays IFM images from the first TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
H. Figure C.87 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.85: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid H. 
 
 
LX 
 
Figure C.86: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid H, and SEM 
images of the LubX C pin after TE88 testing. 
 
Figure C.87: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid H. 
 
 
LXI 
Figure C.88 and C.89 displays IFM images from the first TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
H. Figure C.90 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.88: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid H. 
 
Figure C.89: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid H. 
 
 
LXII 
 
Figure C.90: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid H. 
Figure C.91and C.92 displays IFM images from the first TE88 test in a nitrogen atmosphere 
with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 µm, in fluid 
X. Figure C.93 shows SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.91: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid X. 
 
 
LXIII 
 
Figure C.92: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid X, and SEM 
images of the LubX C pin after TE88 testing. 
 
Figure C.93: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid X. 
 
 
LXIV 
Figure C.94 and C.95 displays IFM images from the second TE88 test in a nitrogen 
atmosphere with LubX C  rubbed against a steel sample with a surface roughness Ra = 0,30 
µm, in fluid X. Figure C.96 shows SEM images from the mid stroke region of the same SDSS 
sample. 
 
Figure C.94: IFM images of LubX C pin prior to, and after TE88 testing against a SDSS-sample in a nitrogen 
atmosphere with a surface roughness Ra = 0,30 µm in fluid X. 
 
Figure C.95: IFM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid X. 
 
 
LXV 
 
Figure C.96: SEM images of SDSS sample after TE88 testing in nitrogen with LubX C in fluid X. 
Figure C.97 and C.98 displays IFM images from the first dry TE88 test with LubX C  rubbed 
against a steel sample with a surface roughness Ra = 0,30 µm. Figure C.99 shows SEM 
images from the mid stroke region of the same SDSS sample. 
 
Figure C.97: IFM images of LubX C pin prior to, and after dry TE88 testing against a SDSS-sample with a 
surface roughness Ra = 0,30 µm. 
 
 
LXVI 
 
Figure C.98: IFM images of SDSS sample after dry TE88 testing with LubX C, and SEM images of the LubX C 
pin after TE88 testing. 
 
Figure C.99: SEM images of SDSS sample after TE88 testing with LubX C. 
 
 
LXVII 
Figure C.100 and C.101 displays IFM images from the second dry TE88 test with LubX C  
rubbed against a steel sample with a surface roughness Ra = 0,30 µm. Figure C.102 shows 
SEM images from the mid stroke region of the same SDSS sample. 
 
Figure C.100: IFM images of LubX C pin prior to, and after dry TE88 testing against a SDSS-sample with a 
surface roughness Ra = 0,30 µm. 
 
Figure C.101: IFM images of SDSS sample after dry TE88 testing with LubX C, and SEM images of the LubX 
C pin after TE88 testing. 
 
 
LXVIII 
 
Figure C.102: SEM images of SDSS sample after TE88 testing with LubX C. 
 
  
 
 
LXIX 
APPENDIX D -  RISK ASSESSMENT 
 
 
 
 
LXX 
  
 
 
LXXI 
 
  
 
 
LXXII 
 
